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Abstract 
The intermolecular interactions between two molecules are of great 
importance in proteins, polypeptides, DNA binding, and drug binding interactions. 
Dimers of chemical rings such as difluorobenzene with hydrogen containing 
molecules such as acetylene (HCCH) and atoms such as neon are classic systems for 
investigating weak interactions; however, the microwave spectrum of 1 ,2-
difluorobenzene . . .  Ne does not behave as expected. Possible explanation of this 
phenomenon is that there is some large amplitude motion perturbing the spectrum. 
A computational study was performed to analyze the potential energy 
surface (PES) of Ne or Ar with ortho, meta, and para difluorobenzene, and reveal the 
bonding patterns in the weakly bound complexes using the Quantum Theory of 
Atoms in Molecules (QTAIM). From the PES study, it was shown that all three 
difluorobenzene (DFB) complexes interacting with Ne have a large global minimum 
with 1,4-DFB .. . Ne being largest and located from one end of the fluorine to the other 
end of fluorine atom across the ring, while 1,3-DFB . . .  Ne has a global minimum that 
is slightly towards F ends, and finally, 1,2 -DFB . . .  Ne has the smallest global minimum 
region, located from the center of the ring toward the region of the two fluorine 
atoms. 
QTAIM analysis provided complimentary results to the PES analysis where it 
examined the electron density from the ab initio calculations. QTAIM results showed 
that 1,2-DFB ... Ne has the highest amount of the electron density (pb) at the bond 
critical point (BCP) while having the shortest Re distance. As the Re distance 
3 
increases the Ph decreases, and this can be seen going from 1,3-DFB ... Ne to 1,4-
DFB ... Ne. The amount of the electron density at the BCP provided the preliminary 
information of the strength of these weakly bound complexes. 
Subsequently, an experimental analysis of far-IR  spectrum of 1 ,1-
dichloroethylene was performed to determine the structure of this compound; the 
success of this method may allow future experimental study to be done on dimers 
such as 1 ,2-DFB ... Ne. The results of this spectral analysis of an a-type band at 796.02 
cm-1 showed that the isotopic molecule (H2C=C
35Ci37 Cl)  was unable to be assigned 
due to low intensities and that the lines lie beneath the parent molecule 
35 35 . 3 5  35  . (H2C=C Cl Cl) . Analysis of H2C=C Cl Cl was a success with a total of 1601  
rovibrational transitions assigned, with an  RMS value of 0 .00044 7 cm-1 . 
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1.1 Thesis Outline 
This thesis contains theoretical and computational studies of the properties 
of weak intermolecular forces such as van der Waals (vdW) interactions, and the 
study of far-IR synchrotron-based vibrational spectra for 1 ,1-dichloroethylene. In 
the current chapter, the theoretical background involving the potential energy 
surface of the intermolecular interaction, the electron density adaptation in the 
Quantum Theory of Atoms in Molecules (QTAIM), and the rotational-vibrational 
(rovibrational) spectroscopy will be introduced. Chapter 2 and 3 describe the 
implementation of analytical techniques in regards to vdW interactions, while 
Chapter 4 describes the analysis of rotational-vibrational spectroscopy via far 
infrared (far-IR) as an alternative method to pure rotational (microwave) 
spectroscopy. Finally, Chapter 5 composes a discussion of the results from all the 
work that has been performed. 
In Chapter 2, the establishment of potential energy surface (PES) scans for 
1,2-, 1,3-, and 1,4-difluorobenzene complexes with neon is illustrated. These weakly 
bound complexes are bound by the vdW interactions; the mapping of the PES 
provides insight into the energetically favored position for the Ne relative to 
difluorobenzene. Many studies have employed the PES analysis of weak complexes 
to give the general concept of the intermolecular interaction potential; l,Z,3.4,S.6,7 
however, the work described in this chapter involved more robust analysis than 
many previous studies, ensuring that every region of the fluorinated benzene is 
sampled in the ab initio calculations through the development of systematic grid 
mapping. The parameters that are involved in the PES scans (the energy variations 
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of the neon mapping the difluorobenzene) are plotted in a 3-dimensional graph to 
obtain a more experimentally meaningful interpretation. 
In  Chapter 3, the analysis of van der Waals interactions between rare gas 
atoms and fluorinated benzene has been extended using the QTAIM method. QTAIM 
analysis allows the property of the electron density in each individual atom to be 
examined and interprets how this basic electronic distribution defines boundaries 
of atoms in molecules.8•9 This analysis has allowed correlation to be made between 
theoretical and experimental results. Calculations of different properties of the 
electron density at the bond critical point performed in Chapter 3 have provided 
further analysis of the structure-stability of vdW dimers (to determine the 
magnitude of the large-amplitude motions that contribute to perturbation of the 
spectrum), and the QTAIM quantitative results agree with the experimental studies 
which show that the interaction between rare gases such as Ne and Ar with an 
aromatic monomer will have a different effect.10,11,12 
Chapter 4 describes the analysis of far-IR spectra of a halogenated molecule 
to determine the structure of 1,1 -dichloroethylene. The advances in this 
spectroscopic field have increased the interest in characterizing the weakly bound 
complexes. 13 The PES analysis in previous work allows the prediction of the 
spectroscopic information for weakly bound complexes, and this could be verified 
experimentally through IR  analysis; IR analysis may also be used to study low 
frequency intermolecular vibrational modes, which are directly related to tunneling 
and large-amplitude motions of Ne/ Ar within the dimer. 
Chapter 5 concludes with a discussion of results obtained from all work in 
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Chapters 2, 3, and 4. 
1.2 Introduction to Potential Energy Surface of the Weakly Bound vdW 
Complexes 
Weakly bound complexes have been studied extensively due to their 
influence on many biological (e.g. the analysis of protein structure) ,14 physical (e.g. 
the structure of layered solid),15 and chemical (e.g. the intermolecular forces)16 
processes; the intermolecular forces of weakly bound complexes are of current 
interest in this proj ect. The intermolecular forces such as London dispersion (van 
der Waals) forces, govern the attractive forces between molecules. However, for any 
interactions that do not form "chemical bonding", such as those that appear in the 
intermolecular forces, the calculations of the interaction strengths may be 
somewhat challenging; of the different types of intermolecular interactions, vdW 
forces have continued to be a challenging task for theorists and experimentalists to 
accurately treat.17·18 
In recent years, the study of weakly bound vdW complexes between aromatic 
molecules and rare gases (or other small molecules such as HCCH) has gained much 
interest due to their large vdW bond distances, low bond energies, and large 
amplitude motions of the rare gases relative to the monomer.5·19 One possible way 
to study the behavior of the weakly bound complexes that allows the investigation 
of the energy variations is via the potential energy surface (PES) . PES captures the 
idea that each geometry (the position of the atoms in space relative to one another) 
of the molecules is associated with a unique energy; when changes in the 
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orientations of the molecules occurs (i.e. the atoms move further away from or 
closer to one another) the energy of this molecule would also be changed. Therefore, 
if these energy changes were to be graphed, the associated PES graph of the relative 
energy would be plotted as a function of the coordinates (i.e. the bond distance 
between atoms), and give rise to an energy landscape graph. 
Suppose a standard diatomic bond stretch between atom A and B (as 
depicted in Figure 1.1) is considered. The energy of this diatomic molecule as a 
function of bond distance, r, can be described using Figure 1.220 where the y-axis 
corresponds to the energy and the x-axis coordinate describes the geometry. In the 
case of this diatomic molecule, only one degree of freedom (or geometric 
parameter) is present, which is the separation between atoms. What this lD PES is 
providing is that as the distances between atoms are getting larger, the interactions 
between these two atoms become smaller and smaller so that it approaches an 
asymptote where they stop interacting at a certain point; thus it would give a flat 
energy at large distances. If the degree of separation is reduced, as the two atoms 
get closer and closer they would begin to interact and the energy would get lower 
and lower until it gets to the most favorable distance where the energy is at 
minimum. However, if the distance of the atoms continues to get smaller (after the 
point of energy minimum) they would begin to repel each other and the energy 
would start to rise very steeply. 
24 
r 
Figure 1.1: Two atoms (A and B) separated at a distance r. 
Dissociation Energy 
Bond Distance (r) 
Figure 1.2: The energy diagram as a function of the distance r at equilibrium. 
(Graphic Source: Wikipedia)2° 
In principle, to define the specific location of atoms in 3-dimensional space it 
would take three Cartesian coordinates (x, y, and z) to generate a global PES. For a 
polyatomic system, one could imagine the complexity in constructing a global PES 
that includes all the parameters (i .e. bond length, bond angle, dihedral angle) since 
I 
) 
the three Cartesian coordinates must be accounted for; hence, the energy 
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calculations can be extremely large and this ab initio calculation process can be very 
computer intensive and expensive! 
The alternative method to specify the atomic positions without any 
redundancy is by adopting the Z-matrix method where it specifies the relative 
position based on the distance between pairs of atoms, angles between three atoms, 
and finally the dihedral angle between four atoms.21 In this project, the Z-matrix 
approach was adopted to evaluate the system of weakly bound complexes of 
difluorobenzene with Ne. In order to describe the entire PES of the system, multiple 
parameters (in terms of distance, r) in 3 -dimensional x, y, and z coordinates are 
required (depicted in Figure 1.3). The multidimensional potential energy surface 
will provide a region of global minimum (nuclear arrangements that have the lowest 
energy) where the rare gas of nepn would be likely to reside. 
Figure 1.3: The three distances of Ne (atom 16) in x, y, and z directions relative to 
the difluorobenzene ring used to describe the PES of the molecule. 
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1.2.1 Objective of this Study 
The interest in this molecular modeling has been focused on locating the 
global minimum on the PES that corresponds to the most stable geometry of the 
dimers at the equilibrium state by mapping out computational three-dimensional 
(3D) scans of the potential energy surface in which the Ne position relative to 
difluorobenzene has been varied. 
1.3 An Introduction to Atoms in Molecules 
The Quantum Theory of Atoms in Molecules (QTAIM) developed by Bader is 
based on the electron density and its distribution allows one to unambiguously 
define whether or not there is an actual interaction between a pair of atoms that 
appear to be interacting. This definition of chemical bonding is supported with 
quantitative values that correspond to structural stability.22,23 
1.3 .1 The Critical Point 
The analysis of a given system can be extended down to an atom at a time by 
evaluating the electron density (p) of each individual atom. Suppose there are two 
atoms that are in close proximity (as depicted in Figure 1.424) .  The two blue 
shadings correspond to the electron density maximum in each atom. One can locate 
the critical point that corresponds to a minimum point of the electron density 
between the two interacting atoms. The critical point of electron density is very 
significant in this proj ect involving QTAIM analysis. 
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Electron density maximum 
Critical Point 
(electron density minimum) 
Figure 1.4: The presence of critical point between two atoms that are in close 
proximity. The maximum peaks on the surface of the atoms correspond to high 
electron density.24 1 
In QTAIM, there are several types of critical points that are associated with 
the type of chemical structure, such as the bond critical point (BCP), the ring critical 
point (RCP), etc.; however, only the bond critical point (BCP) that can be found in 
the bond path that l inks two nuclei will be discussed. The distribution of BCP in the 
QTAIM molecular graph of nitromethane . . .  F- is depicted in Figure 1.s2s (the RCP is 
also shown in this figure) . Every critical point that occurs in the molecular graphs of 
QTAIM has corresponding values for numerous parameters such as the electron 









Figure 1.5: Optimized geometry of nitromethane . . .  F- (F- :CH3N02) in the QTAIM 
analysis shows the distribution of critical points (the small-size spheres in neon 
green) and bond paths (in atom color: C = grey; N = blue; 0 = red; F = green; H = 
white) . The interaction between F- . . .  HC contributes to the presence of a ring critical 
point (RCP) in small-size sphere in red that can be found in the interior of the ring of 
chemically bonded atoms.25 
1 .3 .2 The Bond Paths 
In QTAIM, each atom in the molecule is defined as a basin (sub-region) that is 
bound by an interatomic surface (IAS) where the 'lp = 0. In Figure 1.6,2 5  the atomic 
basins and the IAS between atom Ni - Fa - H3 - C2 - Ni are depicted. These atomic 
regions can be linked with a line termed the bond path (BP) . This BP has an 
accumulation of electron density between the nuclei and is an indication of chemical 
interactions, such as covalent, ionic, weak or strong polar, hydrogen bonding, and 
van der Waals. The critical point that is located in the bond is the point where it has 
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the lowest value of the electron density; this BCP type is exceptionally important 
since it is an indication of chemical bonding.22  
lnteratomic 
surface 
Figure 1.6:  QTAIM maps of atomic basins of nitromethane . . .  F- (F- :CH3N02) between 
atom Ni - Fa - H3 - C2 - Ni (in atom color: C = grey; N = blue; F = green; H = white) . 
Both solid and dotted lines in yellow correspond to the interatomic surface (IAS) 
paths that are superposed on the atomic basins.2s 
1 .3 .3 The Electron Density at the Bond Critical Point (pb) 
The amount of the electron density at the bond critical point, pb, can be used 
to reflect the strength of chemical bonding. Theoretically, the shared interaction or 
open-shell interaction (where the system shared a pair of electron) between nuclei 
(e.g. covalent bond) will have the Pb that is greater than 0 .20 a.u., and if the Pb f alls 
below 0 .10  a.u. this is an indication of a closed-shell interaction (systems with a 
closed-shell is defined when all the electrons in the system are paired), such as a 
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vdW interaction.2 3 The QTAIM analysis is not only able to provide quantitative 
values for the electron density properties, but this analysis also shows graphical 
representation of the influence of interactions at each BCP. 
1.3.4 The Laplacian of the Electron Density at the Bond Critical Point (V2pb) 
Analysis of the second derivative of the electron density at BCP, known as the 
Laplacian of the electron density, provides another important property of QT AIM of 
whether the electron density is concentrated ( if  the second derivative of the 
electron density at BCP is negative) or depleted (if the second derivative of the 
electron density at BCP is positive) . The signs of the Laplacian at the BCP, 'iJ2pb, do 
not only indicate whether the electron density is a minimum or maximum, but also 
allow a detailed description of the type of bonding, i .e. open- or closed-shell.26 
Consider the two atoms in Figure 1. 7 that are connected with a bond path, 
with the presence of the three vectors originated from the BCP; the vectors contain 
the information of the second derivative of the electron density ('iJ2pb) to describe 
the Laplacian value. From this figure, it can be identified that two of the vectors (1 
and 2) are perpendicular to the bond path (the corresponding value of 'iJ2pb would 
be  negative), while the third vector is oriented along the bond path (in which the 
corresponding 'iJ2pb is positive) . In an open-shell system like covalent bonding, or a 
shared interaction as termed in the QTAIM, the electron density in the directions of 
vector 1 and 2 is increased, making the negative vectors of 1 and 2 be dominant over 
the positive vector 3.  Therefore, the sum of the 'iJ2pb in the directions of 1 ,  2, and 3 
give rise to a negative value of the Laplacian of the p at the BCP, 'iJ2pb < 0. For a 
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closed-shell system that includes all types of non-covalent interactions (e.g. vdW 
interactions), the high accumulation of the electron density in the direction of vector 
3 allows vector 3 to be dominant over the two negative vectors of 1 and 2; hence the 
value of the Laplacian of the p at the BCP for closed-shell system is positive, \J2pb > 
0 .22,26 
1 
Figure 1.7:  Analysis of three different vectors at the BCP (in red-sphere) between 
the two nuclei. 
1.3 .5 Bond Ellipticity (E) 
Another important QTAIM property at the BCP that is being considered in 
this work is the bond ellipticity, E .  The E is a measure of how the electron density at 
bond critical points is preferentially accumulated in a given plane (such as in the 
vertical plane of symmetry) .26 In theory, the ellipticity of the electron density at the 
bond critical points is a convenient way to quantify the rr-electron component in a 
bond; as the bond order increases, the bond strength increases. Obviously, it is 
unrealistic to think about the number of bonds to define the bond strength in any 
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vdW interactions since they are not connected by a real bond; however, analysis of 
the bond ellipticity for the weakly bound complexes in this work is a convenient 
way to measure interaction strength and the likelihood of the bond to be broken. 
When the E < 1, the interaction between the two nuclei would be strong and 
the bond is hard to break (i.e. shared interactions) . In contrast, the E > 1 signifies the 
closed-shell interaction, thus would easily be broken. It is important to note that this 
QTAIM ellipticity parameter is only available if there is a BP that connects the two 
atoms.22  
1.3.6 Objective of this Study 
The interest in this QTAIM analysis is to analyze the critical point on the 
bond path, which is derived from the electron density and some of its derivatives 
between atoms that appear to be interacting. For the purpose of this thesis, only the 
electron density, the Laplacian, and the bond ellipticity at BCP will be discussed. 
1.4 Introduction to High Resolution Far-Infrared Spectroscopy 
Infrared (IR) is one of the branches of spectroscopy that uses light at 
frequencies ranging from 1 2,800 to 1 0  cm-1 to analyze the physical properties of 
molecules or complexes; the energy available in the IR region is enough to cause any 
molecular vibrations, but not enough for electronic transitions.27 This IR region of 
the electromagnetic spectrum can further be divided into smaller regions based on 
the energy and the type of vibrational transitions, which are : near-, mid-, and far-IR 
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regions (see Figure 1.8) .  
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Figure 1.8: Sub-divisions of infra-red region in the electromagnetic spectrum.28•29 
In Figure 1.828.29, the electromagnetic spectrum ranges from higher 
frequency (shorter wavelength) in the gamma ray region to lower frequency (longer 
wavelength) in the radio wave region. This project involves the use of the far-IR 
region since the applied energy is high enough to excite the molecule from the 
ground vibrational state to the excited vibrational state, and at the same time, the 
applied energy in the far-IR region is still enough to excite the molecule rotationally. 
This analysis of the far-IR allows both vibrational and rotational spectra 
simultaneously. In order to describe the relationship between the energy of each 
electromagnetic spectra region with frequency and wavelengths, Equations 1.1 and 
1 .2 can be applied as follows : 
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v = c/J.. 
4E = hv 
Equation 1.1 
Equation 1.2 
where v is the frequency of radiation, c is the speed of light, A is the wavelength, E is 
the energy of photons, and h is Planck's constant. 
From Equation 1.1, it is clear that the relationship between the frequency 
and wavelength is inversely proportional to each other; when the frequency 
increases, the wavelength decreases. Equation 1.2 implies that a change in an 
energy level is proportional to the frequency; thus if a change in the energy level 
requires higher energy, then the radiation frequency will increase. 
Out of the three infrared regions, the molecular vibration in the far-IR region 
requires the least energy, which allows producing a unique spectrum at lower 
frequency. Since this far-IR region requires less energy, this is usually more difficult 
to measure due to lack of light sources, as well as detectors; the traditional IR light 
source is s imilar in the way a light bulb works, which emit over relatively broad 
spectral range but becomes unacceptable for far-IR region due to low spectral 
output.30 This issue however, can be resolved using synchrotron radiation, which is 
100  - 1000  times brighter than standard far-IR light sources, thus allowing 
detection in regions of low frequency. 31 
In this thesis, the spectrum of 1 ,1 -dichloroethylene is obtained32 from high­
resolution far-IR spectroscopy from the Canadian Light Source (CLS) Synchrotron in 
Saskatoon, for the analysis of the molecule. The brightness that is produced by 
synchrotron light at the CLS is a million times brighter than sunlight, thus, making it 
the most powerful synchrotron light in the world.33,34 
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1.4.1 The Canadian Light Source Synchrotron 
Intense IR light generated by synchrotron at the CLS allows spectroscopic 
study of molecules in the gas phase with much higher precision and sensitivity than 
can be achieved in a regular laboratory experiments. To understand how the 
synchrotron based FTIR spectrometer is different from any regular FTIR 
spectrometer, the most important component in FTIR, the interferometer, will be 
discussed. 
Fourier transform is the key component of the spectrometer that produced 
by the interferograms in terms of signals; interferogram is the signal the computer 
receives from the detector. The interferometer that is commonly used in the FTIR 
was developed by Michelson.35 Interferometers are the optical components of two 
mirrors (movable and stationary mirrors respectively) perpendicular to each other. 
The moving mirror component creates various path lengths and the light beam 
along the each path interferes with the beam from the other path; the two combined 
beams go through the sample, which absorbs some of the light. Unlike any standard 
interferometer, the interferometer at the CLS uses smaller entrance apertures 
(opening hole) for higher resolution. The type of spectrometer used at the CLS is 
Bruker IFS- 1 2 5 HR FTIR spectrometer, which gives a high spectral resolution of 
0 .00096 cm-1. The high resolution of the CLS spectrometer is mainly provided by a 
slow scanning time, and low sample pressures .36 The experimental measurements 
of 1 ,1 -dichloroethylene involved a total of 101  scans that were averaged together 
(where each scan was -6 minutes long) .  The slowness of the scans and in 
combination of an interferometer arms (that is 10 meters long) at the CLS 
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contribute to that high resolution. As shown in Figure 1.9,37 the FTIR is composed 
of a sample cell that is 2 meters long (where the IR light goes through the cell 3 6  
times and gives a total o f  72  meters path length for all scans), interferometer, and a 
detector of GeCu that is connected to a computer to collect the spectral 
measurements. 
Figure 1.9:  Far- IR beamline at the CLS.37 
1.4.2 Rotational Spectroscopy 
As has been mentioned earlier, the molecuiar vibration lies in the IR region 
and IR spectroscopy is used to measure the vibration frequencies of the molecules 
by measuring the intensities of the transmitted light at each frequency. When the 
molecules absorb IR radiation, they absorb photons of IR light. The energy from the 
photons is then transferred to the molecules, which allows them to transition from a 
ground state to an excited vibrational state. 
37  
In IR spectroscopy, both rotational and vibrational transitions can be 
identified (as long as the resolution is high enough) ; therefore, any vibrational 
energy change is accompanied by rotational energy change as well, as depicted in 
Figure 1.10.38 
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Figure 1 .10 :  Pure rotational (red arrows), pure vibrational (green arrow), and 
rovibrational (blue arrows) transitions of a molecule. 38 
In rotational spectroscopy, the rotational energy levels can be calculated by 
the Schrodinger equation for a rigid rotor. This calculation however will get more 
complex for polyatomic molecules, thus the rotational energy will be described here 




Figure 1.11 :  A rigid diatomic molecule connected by a rigid bar (the bond) . Point C 
corresponds to the center of mass of the system; m1 = mass of atom 1; mz = mass of 
atom 2;  r i  and rz = distances from the center of mass of the system; R = r i  + rz . 39 
Figure 1 .1139 is an example of a simple diatomic molecule where the 
moment of inertia of this system can be defined using Equation 1.3 : 35 
Equation 1.3 
where µ is the reduced mass, and R is the bond length of the diatomic molecule. 
Notice that the moment of inertia, /, depends on the masses of the atoms and the 
geometry of the molecule. 
The rotational energy levels of the diatomic molecule can be expressed as 
Equation 1.4: 35 
fi2 . 
E1 = ulU + 1), with ] =  0, 1, 2, 3, . . .  Equation 1.4 
where E1 is measured in Joules, liz = B (rotational constant),  h2 = h
2
2 , I is the 21 4rr 
moment of inertia, and j being the rotational angular momentum quantum number 
that can only be zero or a positive integer number. Substituting the terms of h2 with 
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h2v the rotational constant B can be written as given in Equation 1.5 : 4n-
Equation 1.5 
Therefore, the new rotational energy levels equation can be expressed by Equation 
1.6:35,43 
h2 . E1 = -2 /(} + 1), with] =  0, 1, 2, 3, . . .  B n- I Equation 1.6 
where h being Planck's constant. The possible energy levels can also be defined by 
adopting the wavenumber of rotation (in cm-1) ,  v = /:J.e thus, the energy levels he 
equation can be written as in Equation 1.7 : 35 
E h2 E = -1 = BJ(} +  1) · B = -I he ' Bn-2/c Equation 1. 7 
The relationship between the energy levels E1 and the rotational quantum number f 
allows one to describe the energy difference �E between two adjacent energy 
levels. In general, to raise a molecule from a lower f state to a higher state (i.e. f to 
]+ 1),  the corresponding energy difference is expressed as in Equation 1.8: 35 
�E = Ej+ 1 - El = 280 + 1) Equation 1.8 
This relationship can be further described in the energy diagram as depicted 
in Figure 1.12 .40 For transitions between energy levels, the rotational quantum 
number must have �] = ±1 (according to specific selection rule) and as a result of the 
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equation illustrated in Equation 1.8, the corresponding energy separation between 
each rotational energy level is b.E = 2BU + 1) cm-1, as j increases. 
J + 1 ----- Ej+ l = BU +1) U  + 2) 
J __ i_Ll_E _ E,= BJU +1} 
ilE = E1+1 - E1 = 2BU +1} 
Figure 1.12 : The energy separation between two adjacent rotational energy levels 
in the diatomic rigid rotor model.40 
In a rigid rotor model that was described above, it has been assumed that the 
bond length remains fixed during rotation of the molecule. However, when the 
atoms are subjected to centrifugal forces as the rotational energy increases, it may 
distort the molecule, hence allowing the bond to stretch. 
According to Equation 1.3, the lengthening in bond length of a diatomic 
molecule will therefore increase the moment of inertia, and reduces the rotational 
constant, B, which is essentially lowering the given energy level (as given in 
Equation 1.4) . To account for the centrifugal force effects, a centrifugal distortion 
correction term, D, is added to the rotational energy levels given by the expression 
in Equation 1.9:43 
E1 = BJ(] + 1) - DJ2 U + 1)2 Equation 1.9 
A comparison of the energy levels of a rigid rotor and non-rigid rotor at 
rotational ] =  0 to ] =  3 is given in Figure 1.13.38 From this figure, it can be easily 
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identified that the energy separations for the rigid rotor increase with each j 
increases from ] = 0 to ] = 1, ] = 1 to ] = 2 , and from j = 2 to j = 3 .  The energy 
separation for non-rigid rotor is however, unequally spaced (where it accounts for 
the centrifugal force effects) . 
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Figure 1 .13 :  Differences in the energy separation for a rigid rotor and non-rigid 
rotor of the diatomic molecule.38 
From the rotational energy level equation presented in Equation 1 .4, it is 
clear that the rotational energy levels are inversely proportional to the moment of 
inertia. For a diatomic molecule, there is only one moment of inertia that is involved 
in the energy expression (Equation 1.6 and 1. 7), thus a single rotational quantum 
number would be enough to describe the whole spectrum. 
Conversely, a single moment of inertia is not enough to describe systems of 
nonlinear molecules, where the moment of inertia is dependent on the three 
different perpendicular axes known as the principal rotation axes of inertia. These 
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principal axes of inertia can be classified as follows : 
1) a axis - rotation axis with the smallest moment of inertia 
2) b axis - rotation axis that is perpendicular to a axis 
3) c axis - rotation axis with the highest moment of inertia 
For given systems of polyatomic molecules the principal moments of inertia, 
however, vary based on how the mass of the molecules is distributed. The relative 
magnitudes of the moments of inertia dictate the groups of rotors (molecules), 
whether it is a linear molecule, symmetric top (prolate top and oblate top), spherical 
top, or asymmetric rotor.35  
Most molecules (including 1 ,1-dichloroethylene molecule studied in this 
project) are asymmetric top molecules, where all three principal moments of inertia 
are different; le > h > la. Three quantum numbers (including n would be required to 
unambiguously describe the energy levels of the molecules; however, a specific 
formula for asymmetric top is not available. The most conventional way in 
describing the asymmetric top molecules is by approximating it as an oblate or 
prolate top of symmetric rotors. 
Prolate symmetric top molecule (e.g. CH3J) has a shape like a football where 
the moment of inertia at the b axis and c axis are equal, with a axis of moment of 
inertia being smaller than lb and le. Since there are two axes that can correspond to 
unique moment of inertia, that is the a and b or c axes, two quantum numbers 
(including n would be required to unambiguously describe the rotational levels of 
the molecules. The symmetry of this prolate top molecule has le = lb where it implies 
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that the dipole moment would be along the a axis, hence the second rotational 
quantum number K is required to describe the projection of total angular 
momentum along the a axis (Ka) . The rotational energy values for the prolate 
symmetric top are given in Equation 1.10 where the second rotational quantum 
number term is added to Equation 1.7:43 
EJ,K = BJU + 1) + (A - B)K� Equation 1.10 
where A and B are the rotational constant associated to Ia and h as defined in 
Equation 1 .11 :  
A = Equation 1.11 
For an oblate top molecule (e.g. NH3), the dipole moment l ies  in the c axis 
since the two moments of inertia at the a and b axis are equal. Therefore, the second 
rotational quantum number Kc is represented to describe the rotational energy 
levels of an oblate top molecule and is described using Equation 1.12 : 
EJ,K = BJU + 1) + (C - B)K� Equation 1.12 
where C is the rotational constant associated to le described in Equation 1.13 : 
h C = 8rr2Ic Equation 1.13 
Thus, both Ka and Kc will be applied to analyze the rotational energy levels of 
asymmetric rotors. To account for the distortion forces in an asymmetric molecule, 
one could express the simplified energy levels of the molecules as described in 
44 
Equation 1.14: 
EJ,K = B/0 + 1) + (A - B)K� - D/2 0  + 1)2  Equation 1.14 
The relations between energy levels for the symmetric and asymmetric 
molecules can be characterized in Figure 1 .14.41 This figure describes the energy 
levels of an asymmetric top (located in between the prolate symmetric top and the 
oblate symmetric top) molecule at] = 0, 1, and 2, respectively, by incorporating both 
prolate top behavior and oblate top behavior, Ka (from a-axis) and Kc (from c-axis) 
respectively. Suppose an asymmetric top molecule has rotational energy state at ] = 
2, this gives a total of five corresponding energy levels of]KaKc at 202, 2n 211, 22 1, and 
220. Therefore, the higher the ] of asymmetric top, the more energy levels are 
present, and the more dense the spectrum will be. These asymmetric rotor energy 
levels also show the possible splitting for a given ] when the K for both prolate and 
oblate top is greater than 0. 
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Figure 1.14: Prolate symmetric and oblate symmetric tops correlation of the energy 
levels UKa and]Kc) diagram for labeling asymmetric rotor energy levels UKaKc) .41 
1.4.3 Rotational-Vibrational (Rovibrational) Spectroscopy 
The energy of radiation in vibrational spectroscopy is roughly 100  times 
higher in energy than the microwave and such strong energy is able to vibrate the 
molecules (with the center of mass remaining fixed), therefore making the bond 
stretch and behave like a spring, which leads to transitions to different vibrational 
energy levels. Unlike the rotational energy levels that are more widely spaced as ] 
value increases, the energy levels of vibration get closer together as the vibrational, 
v, levels increase. The nature of these energy levels is illustrated in Figure 1.15 
where a stack of] rotational energy levels occupies every vibrational energy level, v 
(vibrational quantum number) ;  however, not all transitions are allowed and this is 
dictated by the selection rules (in order for those transitions to be observable) 
where the change in vibrational quantum number �v = ±1 ,  ±2, . . . while the rotational 
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states f must be  accompanied by fl] = ±1 or fl] = 0, and the change in molecular 
dipole moment must not be zero between the two vibrational energy states. 




Figure 1 .15 :  The potential energy curve and energy levels of molecular vibration.42 
Rotations of molecule can cause splitting in the vibrational lines of a 
molecule into bands, and the selection rule of fl.] = ± 1  gives rise to two types of 
bands classified as P-branch where (fl] = -1), and R-branch (fl] = +1) .  These 
selection rules may be appropriate for diatomic molecules, but different selection 
rules are applied to molecules of more than two atoms depending on the type of 
vibrations that the molecules experience.43 
Molecules with N-atoms (N = number) can experience different types of 
vibrations depending on the degrees of freedom associated with that specific type of 
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molecule. The number of vibrational modes (different types of vibrations) for a 
linear molecule is 3N - 5, and that for a nonlinear molecule is 3N - 6.43 In theory, for 
a molecule l ike 1 ,1-dichloroethylene (a non-linear molecule) that has a total of six 
atoms, there should be 12 vibrational modes associated with this molecule; 
however, only four vibrational motions were identified in the experimental 
spectrum (since the analyzed spectrum from the CLS was from -500  - 1 100  cm-1, 
and the remaining fundamental modes have been identified by Winther and 
Hummell)44 and are depicted in Table 1.1; the numbering scheme was obtained 
from previous studies done by Winther and Hummel. 44 The vibrations in this 
asymmetric top molecule cause the dipole moment to change, however, an 
additional rule is applied (because it is asymmetric) to the described selection rules 
above, where !::.] =  0, ± 1  
In  the presence o f  !::.] = 0 transition, the molecular spectrum would have a 
band center located in between the P- and R-branch, called the Q-branch. Figure 
1.1645 demonstrates the transitions between rotational energy levels associated 
with two vibrational energy levels of v = 0 -7 v = 1 which satisfy the selection rule of 
!iv = ±1,  and accompanied by the rotational selection rules of !::.] = 0, ±1 .  
In  a molecule of asymmetric 1 ,1 -dichloroethylene, the three axis of a ,  b ,  and c 
are shown in Figure 1.17 .  The vibrations for an asymmetric top molecule can be 
further classified as a-, b- ,  and c-type bands. These band types are characterized by 
the change in dipole moment µ along the principal axis of a, b, and c, which is 
determined by the specific vibration that the molecule is undergoing (shown in 
Figures 1.18, 1 .19, 1.20, and 1.2 1) . 
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Table 1 .1 :  Vibrational Modes of 1, 1 -dichloroethylene.44 The arrows correspond to 
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Figure 1.17:  The principal axes system of 1,1 -dichloroethylene. 
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Figure 1.18: 1, 1 -dichloroethylene experimental spectrum of  the b-type band that 
corresponds to C-Cl symmetric stretch accompanied by the P- and R-branch. The x­
axis corresponds to the vibrational frequency in cm-1 . 
1 0 7 0  1 0 8 0  1 0 9 0  1 1 0 0  
Figure 1.19: 1 ,1 -dichloroethylene experimental spectrum of the a-type ba.nd that 
corresponds to CH2 rocking accompanied by the P- and R-branch. The x-axis 
corresponds to the vibrational frequency in cm-1 . 
7 7 0  7 8 0  7 9 0 8 0 0  8 1 0  8 2 0  
Figure 1.20: 1 ,1 -dichloroethylene experimental spectrum o f  the a-type band that 
corresponds to C-Cl asymmetric stretch accompanied by the P-, Q-, and R-branch. 
The x-axis corresponds to the vibrational frequency in cm-1 . 
5 1  
8 4 0  8 5 0  8 6 0 8 7 0  8 8 0  8 9 0 9 0 0  
Figure 1.2 1: 1 ,1-dichloroethylene experimental spectrum of the c-type band that 
corresponds to CH2 wagging accompanied by the P-, Q-, and R-branch. The x-axis 
corresponds to the vibrational frequency in cm-1 . 
1.4.4 Objective of this Study 
The main objective of this study was to obtain spectroscopic information on 
the rotational-vibrational transitions of 1 ,1 -dichloroethylene, which will be used to 
determine its molecular structure. The main goals are listed below: 
1 .  Optimize structure and determine the rotational constants using Gaussian 09 
software. 
2 .  Simulate the predicted spectra o f  the parent and isotopologue molecules and 
assign the spectra patterns with the observed spectra to find the rotational 
constants required to describe the molecular structure. 
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Chapter 2 
Potential Energy Surface (PES) Scans of 1,2-, 
1,3-, and 1,4-Difluorobenzene Complexes with 
Ne 
5 7  
2.1 Overview 
The observed 1,2-difluorobenzene spectral data originally believed to belong 
to an acetylene (HCCH) complex1 is now thought to contain Ne instead of HCCH; 
neon gas was used in Fourier-transform microwave (CP-FTMW) spectroscopy of 
1,2-difluorobenzene . . .  HCCH at the University of Virginia.2 This confusion about the 
spectrum was possible because HCCH has similar mass (26 g/mol) to the neon atom 
(20 g/mol). The microwave spectrum belonging to 1 ,2-difluorobenzene . . .  Ne dimer 
does not fit well; thus, exploring reasons why this is the case is very crucial. One 
possibility that contributes to this phenomenon is that there is some large 
amplitude motion occurring, perturbing the spectrum. 
The goal of this project is to investigate any likely molecular motions 
responsible for the spectral perturbation through computational chemistry 
calculations to explore the potential energy landscape of neon relative to 
difluorobenzene. A potential energy surface (PES) provides the relationship 
between the energy of a molecule and its geometry, therefore, is a very attractive 
approach to investigate other aspects of the dimer (i.e. the position of the Ne 
relative to the difluorobenzene) and its associated energies. 
2 .2 Introduction 
Computational chemistry is a branch of chemistry that uses the principles of 
theoretical chemistry and has been a way for chemists to simulate and predict the 
experimental data (its results normally complement the experimental data) without 
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depending on any experimental properties.3 This computational approach is not 
only useful in the study of fields like drugs discovery4·S (can reduce the costly 
failures of drug candidates in clinical trials), materials modeling,6 etc., but it can also 
be useful in understanding chemical phenomena and have the ability to describe the 
chemistry of interest prior to experimental verification. 
Nevertheless, the primary purpose of computational analysis is to connect 
experimental results with theoretical predictions so we can understand the nature 
of complex systems; in case of this research motivation - compute and inspect the 
energies of weakly bound complexes of 1,2-/1,3-/1,4-difluorobenzene . . .  Ne to define 
a mapping that correlates them with the spectral perturbation (region of global 
minimum in the potential energy landscape or any possible path for tunneling 
motion around the ring) . 
2.2 .1 Difluorobenzene-Rare Gas Dimers 
The intermolecular (non-covalent) interactions between two molecules have 
been shown to be of great importance in proteins, polypeptides, DNA binding, and 
drug binding interactions.7 Dimers of aromatic molecules such as difluorobenzene 
(DFB) with hydrogen-containing molecules such as HCCH and rare gas atoms such 
as neon are classic systems for investigating van der Waals (vdW) interactions. 
In  this chapter, all the aromatic rings that are discussed are difluorinated 
benzenes (1,2-, 1 ,3-, and 1,4-difluorobenzene interacting with Ne), containing vdW 
interactions. The modification of the electron-rich benzene ring by substituting a 
hydrogen atom with a fluorine atom (where the fluorine donates its lone pairs 
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through the CJ-bond of the C-F bond) activates the ring by making it more reactive 
towards electrophilic attacks (see Figure 2 .1) .s 
. .  
• •  + • •  + : F + : F : F 
-. .  
C ::  
Figure 2 .1 :  The schematic resonance mechanism due to electron donation from 
fluorine to the benzene ring.a 
Consider the electrophilic substitution reactions of benzenes in Figure 2.2 
where the substituent that is already attached to the benzene ring determines the 
location of the new substituent; substituents that consist of halogens, e.g. fluorine, 
are ortho-para directors on the reactivity of a benzene ring (by weakly deactivating 













meta isomer para isomer 
Figure 2 .2 :  Electrophilic substitution reactions of benzenes in the presence of mono 
substituent.9 
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An electronegativity difference between elements creates an uneven 
distribution of electrons within bonds; therefore, the more electronegative the atom, 
the greater its capacity for electron density withdrawing. This phenomenon is 
known as the inductive effect and can be applied to not only sigma bonds, but n 
bonds as well.9 Thus, increasing the number of fluorine substitutions may reduce 
electron density of the aromatic ring; decreasing electron density in the ring is 
expected to influence the vdW interactions between dimers comprised of chemical 
rings and inert gas atoms (difluorobenzene and Ne atom) by lowering its 
interactions. 10 According to a study done by Faj in and Fernandez, 11 the 
intermolecular interaction of 1,4-difluorobenzene . . .  Ar is weaker when compared 
with both benzene . . .  Ar and fluorobenzene . . .  Ar complexes (the interaction energies 
of fluorobenzene . . . Ar and benzene . . .  Ar are very similar) ;  these interaction 
discrepancies are due to strong electron withdrawing effect from the addition of the 
second fluorine that reduces the electron density of the benzene. The effects are 
even more apparent in 1 ,2- and 1,3 -difluorobenzene isomers. This phenomenon 
drives the interest in investigating the rest of the aromatic isomers of the meta and 
para positions. 
2.2.2 Potential Energy Surface (PES) Scans 
A potential energy of a certain obj ect can be identified based on its position 
relative to other obj ects. The potential energy of the complex (in this context the 
complex represents the dimer where one of the molecules is moving relative to the 
other) changes as the structural parameters of the molecule are adjusted since the 
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energy is dependent on the geometry, and most importantly for weakly bound 
complexes, it is dependent on the distance between the two monomers.12 Many 
studies involving weak intermolecular interactions between molecules have aimed 
to describe the vdW interactions, and this can be achieved computationally in terms 
of the potential energy surface (PES).13 
The interest in this molecular modeling has been focused on locating the 
minimum energy point (global minimum) on the PES that corresponds to the most 
stable geometry of the dimers at the equilibrium state by mapping out a schematic 
computational three-dimensional (3D) scan of the potential energy surface in which 
the Ne ' position relative to difluorobenzene has been varied. These surface scans 
allow some molecular parameters to be fixed at a certain value; in regards to this 
research the optimized difluorobenzene internal coordinates are fixed, while 
varying coordinates only related to the Ne position. This series of constrained 
optimizations is the most robust way to find a potential energy of a monomer 
relative to the other monomer. 
2.3 Experimental 
2.3 .1  Structure and PES Scan Optimizations Using Ab initio Calculations 
The geometry optimization process attempts to find a molecular structure 
that corresponds to a lowest energy . .  In this work, all the optimizations have been 
carried out with ab initio calculations using Gaussian 09 software.14•15 All three 
dimers of 1 ,2-difluorbenzene . . .  Ne, 1 ,3-difluorobenzene .. . Ne, and 1,4-
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difluorobenzene . . .  Ne (abbreviated to 1,2-DF8 . . .  Ne, 1,3-DF8 . . .  Ne, and 1,4-DF8 . . .  Ne 
throughout this chapter) were built in GaussView16 and geometry optimizations 
were performed on the molecules using Gaussian calculations at an MP2 level with a 
6-3 1 1 ++G(2d,2p) basis set. It is important to note that since the geometry of the 
molecule is constantly changing during the optimization process, any geometry 
optimizations should be carried out in the absence of symmetry constraint due to 
change in the molecular symmetry during the optimizations; most optimized 
structures do not end up at a configuration that has symmetry. 
Once the structure of the dimer has been optimized, scans of the coordinate 
of the neon atom to map out the relative energy around the ditluorobenzene (DF8) 
ring at various distances in the x, y, and z coordinates are applied. To perform a 
systematic way of scanning the Ne around the ring, a grid that corresponds to Ne 
movements was identified and it is shown in Figure 2.3 .  8 1  and 83 correspond to 
the distance of Ne in the x- and y-axes, while 82 corresponds to the z coordinate 
distance of Ne above the ring. The generation of 1 ,2-/1,3-/1,4-DF8 . . .  Ne PES scans by 
the grid method requires the geometry of the 1,2-/1,3-/1,4-DF8 monomers to stay 
fixed throughout the series of scan optimizations, using the same level of 
approximation. The bond lengths and angles given in Tables 2 .1, 2 .2,  and 2 .3, 
respectively, characterize the monomers' geometries from the optimized structure. 
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Figure 2 .3 :  The three unique parameters that have been allowed to vary in this 
work are the distances of the neon atom moving away from the ring center (B l and 
B3) similar to x and y coordinates, and the distance of neon above the ring (B2) .  
Table 2.1 :  1,2-DFB MP2/6-31 1++G(2d,2p) optimized geometry; de and ae are the 
equilibrium bond distances and angles in the DFB ring. 
Optimized Structure Bond Length de (A) Bond Angle «e (o) 
C1-C2 1 . 391  C 1-C2-F12 1 19 . 1  
C2-F12 1 .345 C2-C3-C4 1 1 9 .3  
C2-C3 1 . 386  C2-C3-H7 1 18 .8  
C3- H7  1 .080  H7-C3-(4 1 2 1 .9  
(3-(4 1 . 396  C3-C4-H 13 1 19 .5  
C4-H 13 1 .079  H 13-C4-Cs 1 20 .3  
(4-(5 1 . 395  C3-C4-Cs 120 .2  
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Table 2 .2 :  1 ,3 -DFB MP2/6-3 1 1  ++G(2d,2p) optimized geometry; de and ae are the 
equilibrium bond distances and angles in the DFB ring. 









1 .078  
1 . 387  
1 . 3 5 1  
1 . 3 8 7  
1 .079  
1 .395  
1 .080  
Bond Angle ae (°) 
H7-C2-C3 1 2 1 . 5  
C2-C3-F12 1 1 8.2  
F12-C3-C4 1 1 9 .0  
C3-C4-H 13 1 19 .8  
H n-C4-Cs 1 2 1 .9  
C4-Cs-Hs 1 19 .5  
Cz-C3-C4 1 22 .8  
Table 2 .3 :  1,4-DFB MP2/6-3 1 1  ++G(2d,2p) optimized geometry; de and ae are the 
equilibrium bond distances and angles in the DFB ring. 
Optimized Structure Bond Length Bond Angle ae (0) 
1 . 395  1 1 8.8  
1 . 387  1 22 .3  
F11-C 1 1 . 353  1 19 .8  
1 . 079 1 1 8.8  
Similar to  any molecular optimizations, the scan optimizations will also be 
constantly changing the geometry of the Ne relative to the rings in each scan. 
Therefore, the addition of "nosymm" in the command line allows Gaussian to ignore 
the symmetry elements during optimizations. In this PES scan the two coordinates 
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of B l  and B3 distances were frozen in 0 .5  A increments, while letting the B2 
distance vary (letting the Ne to find its optimal distance from the ring without any 
restrictions) to find the energy of each Bl, B3 point around the ring. 
Once the scanning process was completed, the optimized potential energy 
scan results could be found in the j ob output file which comes as a text file, although 
GaussView enables these optimization steps to be viewed graphically as depicted in 
Figure 2.4. In this figure, the purple atoms are the dummy atoms that have been 
introduced within the structure to navigate the movement of the neon atom in 
regards to internal coordination specifications (distances, angles, dihedral angles) 
during the optimization. 
Figure 2 .4: A molecular structure of 1 ,2-DFB . . .  Ne with three dummy atoms attached 
to the molecule in order to maneuver the movement of neon (atom 16) throughout 
the scan optimizations. 
These constrained optimization results must be checked carefully because 
each point (Bl, B3 combination) could fail (i .e .  convergence failed where the 
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optimization value exceeded the threshold value of minimum energy, thus the 
output of the calculated energy was not an absolute minimum) and those points 
cannot be included in the PES analysis. Once all the PES scan points have been 
identified (optimized and fully converged - the energy difference from the old 
optimization step to the new should be minimized), the Gaussian energy values in 
Hartree (fa) are converted to wavenumber (cm·1) for further analysis. 
These potential energy surface scan results are then exported and plotted to 
construct the 3D PES graphs using Origin 8.1 graphing software;17 a complete listing 
of data points used to build the graphs can be found in Appendix A. All the 3D 
intermolecular difluorobenzene . . .  Ne complexes' potentials are each built from 
roughly 81 high-level ab initio energy points. Each point on the surface corresponds 
to a particular geometrical configuration of Ne atoms where it scans the aromatic 
rings at 0.500 A intervals for B 1  and B3,  ranging from 0.000 A to 4.500  A (for both 
1,2-/1,3-DFB . . .  Ne), however, for 1,4-DFB . . .  Ne, it only ranges from 0.000 A to 4.000 A 
for B 1  direction and 0.000 A to 3 .500 A for B3 direction, while varying the Ne 
distance (B2) in order to find its lowest energy associated to the · perpendicular 
distance from the rings. 
2.4 Results and Discussion 
A series of constrained ab initio calculations were performed on all three 
DFB. .. Ne complexes to map the relative energies at each point of coordinates around 
the DFB rings, which is significant to investigate the prospect of the presence of 
large-amplitude motions. The PES result involving each dimer will be discussed in 
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its individual results section below. 
Table 2 .4 corresponds to the MP2/6- 3 1 1  ++G(2d,2p) optimized geometry for 
all three weakly bound complexes where the distance and position of the Ne relative 
to the ring is identified. The internuclear distances of the neon atom for all three 
complexes are not quite in agreement (with differences of > 0 .1  A in increasing 
order from 1,2- to 1,3- to 1,4- positions) . Furthermore the locations of neon 
perpendicular to the ring are different for 1 ,2-0FB . . .  Ne and 1,3-/1,4-0FB . . .  Ne 
complexes. In the case of both 1,3-0FB and 1,4-0FB complexes, the neon atom is 
located more towards the center of the aromatic ring, with distances of 3.4 77 A and 
3 .586 A respectively, while in the 1,2-0FB complex it  is shifted toward the C-F 
bonds, located in between carbon 1 and 2 with a height of 3 .3 2 3  A. 
The representation of a 1 0  PES diagram can be found in Figure 2.5 (1,2-
0FB . . .  Ne dimer was selected to represent this plot) where only one geometric 
parameter of the perpendicular distance relative to the ring (B2) was analyzed from 
2.5 A to 5.0 A, at 0 .5 A increments. This 10 diagram demonstrates the basic 
relationship between two non-bonding particles as a function of distance, as has 
been described in Section 1.2.  From the graph, the lowest energy point of the neon 
relative to the ring is 0 cm-1, which corresponds to the distance between the two 
monomers at 3 .5  A. As the distance increases to 4.0 A, 4.5 A, and 5 .0 A, the relative 
energy of the neon gradually increases to 79 cm-1, 160  cm-1, and 2 1 7  cm-1 
respectively, due to the vdW force required to maintain the attractive interaction 
between the monomers increasing as well.18 However, when the neon distance is at 
2.5 A the relative energy of the neon is very energetically unfavorable (986 cm-1), 
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which is an indication of repulsive interaction.18 
Table 2 .4: The equilibrium bond distances (Re) are the perpendicular Ne distance to 
the ring (along the dotted lines) calculated at the MP2/6-3 1 1++G(2d,2p) level of 
theory for different forms of the DFB . . .  Ne complexes. 
Structure Re (A) 
1 ,2 -DFB . . .  Ne 
3 . 323  
1 ,3 -DFB . . .  Ne 
3 .477 
1 ,4-DFB . . .  Ne 
3 .586 
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Figure 2.5: The relative energy for the 1 ,2-DFB . . .  Ne complex. B2 is the distance (in 
A) between the Ne atom and the difluorobenzene molecule. Bl and B3 are fixed to 
0 .000 A. 
2 .4.1 PES scans for the Dimer 1,2-Difluorobenzene . . .  Ne 
The ab initio calculations used to obtain energy scans of the 1 ,2-DFB . . .  Ne 
dimer in the equilibrium state indicate that the lowest energy structure obtained for 
1 ,2 -DFB . . .  Ne is where the neon atom is closer to the fluorine atoms as shown in the 
30 surface plot in Figure 2 .6; the stable conformation appears as a minimum on the 
potential energy surface with the deepest well. Notice that there is a large global 
minimum region in the well, which thus allows the neon to wobble within the same 
region without having to require higher energy. The capability of the neon to move 
around would perturb the spectrum and this behavior could contribute to any 
undefined patterns in the microwave spectrum of 1 ,2-DFB . . .  Ne.1 
Another interests in investigating the cause of the perturbation in the 1,2-
DFB . . .  Ne microwave spectrum was to identify if there would be any motion path for 
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the neon to tunnel over the 1 ,2-DFB. However the depth of the well (Figure 2.6) 
suggests that it might not be possible for the neon to tunnel around the ring due to 
high-energy barriers. According to a study on aniline (C6HsNH2) interacting with Ne, 
the energy required for the Ne to tunnel around aniline ring was 14 cm-1 (0 . 1 7  
kJ/mol) ; 19 however, a s  depicted i n  Figure 2 .6, the energy required fo r  the neon to 
go over the energy barrier is 120  cm-1 ( 1 .44 kJ/mol) . This high-energy barrier 
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Figure 2.6:  The 30  PES of 1 ,2-DFB . . .  Ne shows the energy as a function of the 
distance coordinates. Blue region in the well corresponds to the energy minimum, 
where the neon would be likely to reside. The F atoms of 1 ,2-DFB point roughly in 
the positive direotion along Bl (see Figure 2.7) .  
71 
A two dimensional (2D) PES plot can provide a result that is easier to 
interpret of the neon atom relative to the ring, and Figure 2. 7 represents the 2D 
surface projection of  the 3D surface plot in  Figure 2.6. It i s  clear that the neon has a 
large global energy minimum slightly shifted from the ring's center and moving 
towards the fluorine atoms. This large global minimum allows the neon atom to 
easily move around within that region, which describes a behavior of large 
amplitude motions such as rotation above the ring. The depth of the energy well in 
Figure 2 .6 suggests the existence of a large energy barrier (over 120  cm-1 or 1 .44 
kJ/mol is required for the neon to tunnel around the ring) thus diminishing the 
likelihood of the neon's tunneling effect as a contribution to the perturbed spectra of 
1,2-DFB . . .  Ne. The region of energy minimum does allude to the neon's constant 
mobility, which would cause the moment of inertia of the molecule to change thus 
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Figure 2 .7 :  The 2D  contour projection of the 1 ,2-DFB . . .  Ne 3D PES plot in Figure 2 .6. 
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Figure 2 .8 :  1,2-0FB . . .  Ne (a) in a 30 map surface and (b) a 2 0  contour plot of the 
neon atom for its x-, y-, and z-axes coordinates (Bl,  B2, B3 in A) . The distance of B l  
and B3 were scanned i n  0 .500 A increments, while letting B2 vary to find its most 
favorable distance perpendicular to the ring. The color coded B2 distances are in A. 
Figure 2 .8(a) and 2.8(b) illustrate the B2 heights relative to the Bl and B3 
distances. Referring to the PES plot in Figure 2.6, the region of lowest relative 
energy (dark blue region) has B2 height between 3 .00 A - 3 .30  A. Figure 2 .8(b), 
depicts a small dark orange region that is slightly shifted towards the C-C bond 
located at 0 A in the B3 direction and -0 . 2 5  A to 0.5 A in the Bl  direction. This small 
dimple is due to the ortho position of the fluorine atoms that is causing the total 
dipole moment vector to be positioned between both atoms, thus contracting the rr 
electron clouds in the direction between the two fluorine atoms, allowing the neon 
to approach the ring closer. 
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2.4.2 PES Scans for the Dimer 1,3-Difluorobenzene ... Ne 
The PES of the meta dimer is shown in Figure 2 .9, which indicates that the 
relative energy of neon atom with respect to the 1,3-DFB monomer is low and 
scatters from the center of the ring, all the way to about +2 A in B3 axis and ±3 A in 
B l  axis. Looking at the 3D plot in Figure 2 .9, one could imagine that if the neon 
were to tunnel, it would go along the B3  axis, which is the axis where the C-H bond 
lies between the two C-F bonds and the opposite C-H bond (from the center of the 
ring) to escape the well since it has the lowest energy needed to escape compared to 
the other sides of the well. However, this phenomenon is unlikely to happen because 
the neon would require at least an 80 cm-1 (0.96 kJ/mol) relative energy in order to 
pass the barrier. A study on dimethylether . . .  Ne/Ar showed that the barrier to the Ne 
inversion was 16 cm-1 (0. 1 9  kJ/mol) , while 58 cm-1 (0.69 kJ/mol) was required for 
Ar inversion;20 thus the energy required for Ne to invert around the DFB ring should 
be relatively similar to that dimethylether . . .  Ne complex since the behavior of the 
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Figure 2.9:  The 30  potential energy diagram of 1 ,3-DFB . . .  Ne shows the energy as a 
function of the distance coordinates. Blue region in the well corresponds to the 
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Figure 2 .10 :  1,3-DFB . . .  Ne 2 D  contour projection of the 3D potential energy surface 
plot of Figure 2 .9 .  The color-coded relative energy levels are in cm·1 .  
From the 2D  surface plot of Figure 2.10 similar conclusions can be given as 
in Figure 2.9.  The global minimum of this dimer is extremely dispersed where the 
energy of the neon required to move around the ring is very small. Unlike the ortho 
dimer where the global minimum is by the C-F bonds, this meta complex has its 
energy lowered in the C-H bond region in between the C-F bonds, and slightly 
towards F ends; however, even lower relative energy is identified toward the center 
of the ring that is < 10 cm-1. 
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Figure 2 .11 :  1 ,3 -DFB . . .  Ne in (a) a 3D map surface and (b) a 2D  contour plot of the 
neon atom for its x-, y-, and z-axes coordinates (Bl, B2, B3) .  The distance of Bl  and 
B3 were scaned in 0 .500 A increments, while letting B2 vary to find the most 
favorable distance perpendicular to the ring. The color coded B2 distances are in A. 
In Figure 2 . 11 (a) and 2 .11(b), the height of the neon relative to the ring is 
consistent with the 3D PES plot in Figure 2.9 in which the relative energy is small 
when the distance relative to the ring is high (B2 is >3 .30  A) . Figure 2 .11(a), also 
has a dimple at the top of the plot due to the symmetry of the 1 ,3-DFB ring. Since the 
fluorine atoms are in the meta position, the total dipole moment is in the direction of 
the C-H bond between them, lowering the electron density in that region, hence, 
allowing the neon to be closer to the ring. 
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2 .4.3 PES Scans for the Dimer 1,4-Difluorobenzene . . .  Ne 
The final difluorobenzene isomer relative to the neon that had been 
investigated in this project is the para complex. In Figure 2 .12, it signifies that the 
relative energy of the neon atom in respect to the 1,4-0FB monomer is low along the 
center of the ring from one fluorine atom to the other fluorine atom in the same axis. 
The topology of this dimer PES has shallower curvature, which is rather different 
compared to 1,3-0FB where the global minimum is scattered. This can be obviously 
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Figure 2 .12 :  The 2 0  projection over the 30  potential energy surface plot in Figure 
2 . 13 .  The color-coded relative energy levels are in cm-1 .  
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Figure 2 .13  is the 30 surface plot of the potential energy surface and as 
mentioned earlier, the well of this plot is distinctive when looking at the motion 
path of the neon. One can notice the presence of three local minima in the plot with 
similar relative energy where the Ne can easily move within that energy minimum 
region, thus would perturb the spectrum. The same argument as to the 1 ,2-DFB ... Ne 
is applied to the 1,4-DFB . . .  Ne where it is also obvious that the probability of the 
neon to tunnel around the 1,4-DFB ring is unlikely due to very high-energy barriers 
of 80 cm-1 (0 .96 kJ/mol) . 
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Figure 2 .13 :  The 30  potential energy diagram of 1,4-DFB . . .  Ne shows the energy as a 
function of the distance coordinates. Blue region in the well corresponds to the 
energy minimum, where the neon would be likely to reside. 
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For this dimer, extended calculations for a further distance in B3 region have 
been attempted, however, it was unsuccessful due to the optimization of the Ne 
height is terminated on the basis of negligible forces. Since the potential energy 
surface is defined by the gradient (first derivative) of multiple coordinates of forces 
acting on the system, one can envision the system in terms of rolling a ball over the 
PES and as the ball rolls over the surface, different geometric configurations are 
sampled. Therefore, if the ball is looking for a path to roll down to the bottom of the 
well (lowest energy) and having difficulties to find the trajectory (the nearby 
gradients of tpe surface are identical), the optimization for the PES cannot be 
accomplished. 
1 , 4-diflu oroben zene . . .  Ne 1 ,4-d in uorobenzene . . .  N e  
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Figure 2 .14: 1,4-0FB . . .  Ne in (a) a 30 map surface and (b) a 20 contour plot of the 
neon atom for its x-, y-, and z-axis coordinates (Bl,  B2, B3 in A) . The distance of Bl  
and B3 were scaned in  0 . 500  A increments, while letting B2 vary to find the most 
probable distance perpendicular to the ring. The color coded B2 distances are in A. 
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The distance of neon relative to the ring along the center of the ring (from 
one fluorine to the other fluorine across the aromatic ring) as shown in Figure 2.14 
is similar to the 1,4-DFB optimized dimer with a Re of 3 .586 A. Once again, a dimple 
at the top of the plot as previously shown in Figure 2.8(a) and 2.1 1 (a) can be 
identified in Figure 2.14(a) ; however, the same arguments cannot be applied to this 
complex (as to the presence of the dimple due to the location of the lowest energy) 
since the lowest relative energy is located along the same axis of one F to the other 
F. A reasonable conclusion to the presence of a larger dimple in 1,4-DFB . . . Ne may be 
due to the symmetry of the 1,4-DFB. Since the fluorine atoms are in the para 
position, they are both pulling the electron cloud away from the center of the ring 
equally, decreasing the electron density and allowing the neon to dip slightly closer 
to the ring.11  Furthermore, Figure 2 .14(a) and 2 .14(b) reveal the preferred 
distance of the neon relative to the ring is large throughout the surface of aromatic 
monomer. 
2.5 Conclusion 
The investigations of internal motions by the PES analyses of 1,2-, 1 ,3-, and 
1,4-difluorobenzene .. . Ne to determine the energy barrier pathway were successfully 
developed in a systematic way through a high-level ab initio calculation at the 
MP2/6-3 1 1++G(2d,2p) level of theoretical approximation. Each complex has been 
optimized for corresponding intermolecular geometries (Bl, B2,  and B3) and the Ne 
atom located above the DFB ring characterized by the potential energy surface. 
From the global minimum structures, it indicates that the Ne position relative to the 
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dimer lies within the center of the ring for 1,3-DFB and 1,4-DFB molecules 
(although, 1 ,3-DFB has a scattered global minimum while 1,4-DFB has narrower 
global minimum), and for 1,2-DFB . . .  Ne the lowest energy is when the neon resides 
in between the C-F bonds of the aromatic ring; this global minimum region suggests 
that large amplitude rotations above the ring may exist, which certainly can 
contribute to perturbation in the microwave spectrum. One cannot conclude that 
the perturbation in 1 ,2-DFB . . .  Ne spectrum is caused by the tunneling effect since the 
depth of the well creates a large energy barrier lessening the likelihood of its 
contribution to the spectra. 
The obtained ab initio calculations of the relative energies between Ne 
monomer with the aromatic rings are a useful tool in analyzing the effect of internal 
motions to the perturbation of the spectrum; PES offer one way to explore potential 
large amplitude motions and quantify their effects on the spectrum. However, the 
binding energy of these weak interactions can be further analyzed through the 
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Chapter 3 
Characterization of van der Waals Interactions 
in Difluorinated Aromatic Complexes with 
Rare Gases via the Quantum Theory of Atoms 
in Molecules (QTAIM) 
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3.1 Overview 
The potential energy surfaces (PES) of difluorobenzene complexes with a 
rare gas of neon have been analyzed and discussed in the previous chapter; 
however, a more detailed analysis of van der Waals interactions is required. To do 
so, an extended study through the quantum theory of atoms in molecules (QTAIM) 
of Bader1 is applied. QTAIM analysis enables the examinations of the electron 
density from the ab initio calculations, which allows the study of weak interactions 
between molecules. 
3.2 Introduction 
In  classical chemistry, a molecule is defined by the presence of atoms and 
bonds, while quantum mechanics defines a molecule through an analysis of 
probability in finding electrons at particular distance from the nucleus.2 Bader's 
theory, however, combines both classical and quantum mechanics via QTAIM 
analysis by segregating the parts of the molecules into subsystems.1 This quantum 
theory analysis takes advantage of the electron density to examine the bonding 
between atoms in the molecule and to identify whether or not there is an actual 
interaction between a pair of atoms that appear to be interacting. QT AIM theory also 
provides a numerical characterization of bond strength for chemical bonding. 
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3.2.1 Electron Density 
The analysis of electron density (p) defines atoms, bonds, and structure by 
the characterization of maximum and minimum points (critical points) from the 
total spatial electron distribution (in x, y, and z vectors) . The line that connects the 
atoms, referred to as a bond path (BP), provides an indication of bonding or linkage 
between atoms, regardless of the type of interactions. The existence of a point lying 
on this path in which the gradient of all three electron density derivatives, V p, is 
equal to zero signifies the bond critical point (BCP) .3 The properties of electron 
density at the BCPs (pb) can provide the degree of bond strength between 
interacting atoms. For chemical bonding involving covalent or strong polar 
interactions, the Ph is generally >0 .20 a.u., and <0 .10 a.u. for closed-shell bonding 
interactions.4 Further information of the theory can be found in Chapter 1. 
3.2.2 The Laplacian 
The sum of the diagonal elements of the second derivative of p (:� + :� + 
82�) with respect to the x, y, and z (spatial) coordinates is what defines the Laplacian oz 
of the electron density (V2p) . The Laplacian is the sum of all three spatial second 
derivatives of the electron density and can be either positive or negative; the sign of 
the Laplacian determines whether the electron density at that point in space is 
locally concentrated (local maxima) specified with negative values or the electron 
density is locally depleted (local minima) specified with positive values. When the 
V2p < 0, it implies an open-shell or a shared interaction (i.e. covalent bond), as 
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termed in QTAIM, while V2p > 0 indicates a closed-shell interaction (i.e. weak 
interactions like the vdW) .U An open-shell is a system that has one or more 
unpaired electrons, or two unpaired electrons with the same spin, while a closed­
shell system is when all the electrons in the system are paired. 
3.2.3 Bond Ellipticity 
The bond ellipticity (c:) is a measure of how the electron density at bond 
critical points is preferentially accumulated in a given plane.1 For any interaction 
involving open-shell system the corresponding value of the E would be smaller than 
1 in which corresponds to being closer to a perfect circle (with high Pb and negative 
V2pb values), while the interaction involving closed-shell systems where the Pb is 
depleted and the value of the V2pb is positive would have the E > 1 (corresponds to 
higher deviation from a perfect sphere) . 
3.3 Theoretical Methods 
The geometries of all complexes were optimized (prior to QTAIM 
calculations) via Moller-Plesset second order perturbation theory with a 6-
3 1 1  ++G(2d,2p) basis set using Gaussian 09.5 ,6 The Cs symmetry constraint was 
imposed in the optimization of all complexes. To analyze the vdW interactions of 
weakly bound complexes, the QTAIM theory of Bader was applied via AIMAll 
calculation package.7 
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3.4 Results and Discussion 
The AIM analysis was carried out for two series of vdW complexes: 
interactions of neon and argon with difluoroethylene, and interaction of neon and 
argon with difluorobenzenes. In this section, the QTAIM descriptors of electron 
density (p) and its Laplacian (V2p) values in atomic units at the bond critical points 
will be examined. A complete table of BCPs associated with each bond path for all 
vdW complexes can be found in Appendix B. 
3.4.1 The 1,1-difluoroethylene ... Ne/Ar Complexes 
The initial stage in characterization of weakly bound complexes on the basis 
of the electron density involves the previously studied microwave structure of 1 ,1-
difluoroethylene . . .  Ne and 1 ,1 -difluoroethylene . . .  Ar (1,1-DFE . . .  Ne and 1 ,1-DFE . . .  Ar 
respectively) in order to relate the theoretical data to the well-studied experimental 
data for better understanding of AIM theory analysis.8 According to Table 3.1, the 
optimized values at the MP2/6-3 1 1 ++G(2d,2p) level illustrate that the equilibrium 
interaction distance Re (the distance of rare gas from the center of mass of 1,1-DFE) 
and the bond angle a (the angle between rare gas-center of mass-Ci) in 1 ,1 -DFE . . .  Ar 
are in a close approximation with the experimental values; however, this is not the 
case for 1 ,1 -DFE . . .  Ne complex. Although there is a slight discrepancy between the 
calculated and the experimental values, the differences are small enough that it 
should be acceptable for AIM analysis since the general arrangement of the dimer is 
the same. 
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Table 3 .1 :  Predicted vs. experimental van der Waals geometries, calculated at the 
MP2/6- 3 1 1  ++G(2d,2p) level of theory for the weakly bound complexes of DFE . . .  Ne 



























1 ,1-DFE . . .  Ar 
R (A) a (a) 
3 . 176(a) 69.7(a) 
3 .29Q(b) 67.6(b) 
b=y 
3 .SOS CaJ 71 .SCaJ 
3 .5 1Q(b) 71 .2 (b) 
b=y 
(a) Re is the calculated equilibrium bond distance measured between the rare gas and 
the center of mass of DFE (in solid red line), and ae is the calculated equilibrium 
bond angle measured between the rare gas-center of mass-Ci respectively. Cb) Bond 
length and angle determined from microwave spectra at the vibrational ground 
state structure (ro) values.a 
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3.4.1.1 Analysis of the bond critical points of the electron density and its 
Laplacian of 1,1-difluoroethylene with rare gas atoms. 
The depicted QTAIM-based molecular structures in Figure 3 .1  illustrate two 
concepts : 1) there are two types of bond paths - solid straight bond paths (shared 
interactions) and dotted curved bond path (weaker interactions) ; 2) there is only 
one bond critical point (BCP) that can exist on the bond path. The bond paths and 
bond critical points are shown in atom color and as tiny spheres in bright green, 
respectively (carbon = grey; hydrogen = white; fluorine = green; rare gas (Ne/Ar) = 
turquoise) . 
In the molecular graphs of Figures 3 .l(a) and Figure 3 .l(b),8 the solid BP in 
carbon atoms (C1-C2) ,  carbon and hydrogen (C2-H3 and C2-H4),  as well as carbon and 
fluorine (C1-Fs and C1-F6) pairs represent a chemically shared interaction. The 
strength of these shared interactions can be identified by inspection of the values of 
the Pb· The Pb values for C-C vs. C-F in 1 ,1 -DFE . . .  Ne and 1 ,1-DFE . . .  Ar are 0.3491 vs. 
0 .2817, and 0.3490 vs. 0.2816  a.u., respectively, indicating that the C-C bonds have 
higher amount of electron density at that particular point in space than the C-F 
bonds; the Pb values at the C-H bonds are similar to the C-F bonds, demonstrating 
the same behavior as the latter. 
The same inspection can be done to identify the strength of the internuclear 
interactions with neon and argon with respect to the DFE at the critical points (CPs) 
that lie in the dotted bond path (BP) . The values of the electron density at bond 
critical point (pb) and the bond ellipticity for 1 ,1-DFE . . .  Ne and 1 ,1 -DFE . . .  Ar are 
0.002974 a.u. and 0 .003467 a.u., and 0 .1406 a.u. and 0.4179 a.u., respectively, 
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indicating that the Ar has stronger potential interaction strength with the DFE than 
the Ne potential interaction with the DFE. The discrepancies in the electron density 
and the ell ipticity at the BCP between these two complexes are in agreement with 
the fact that Ne is smaller (less electron density) and closer to the DFE than the 
argon atom. 
The accumulation of the electrons at the BCPs can be identified by the 
inspection of their Laplacian values. For the positive V2pb value at the internuclear 
BCPs of both complexes, the smaller V2pb values associated with the Ar . . ·DFE BCP is 
due to the interaction distance; therefore, shorter Re bond would have bigger vzpb 
value. This is because the BCP is located closer to the nuclei of interacting atoms that 
have highest amount of electron density. The characteristics of the Pb and the V2pb 
that have been discussed in this section are indeed observable in the microwave 
spectra where the experimental spectrum of DFE . . .  Ne consists of splitting due to 
lower interaction energy of neon with respect to DFE, which allows the neon atom 
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Figure 3 .1 :  AIM molecular graphs for (a) 1 , 1 -difluoroethylene . . .  Ne and (b) 1 , 1 -
difluoroethylene . . .  Ar obtained with MP2/6-3 1 1 ++G(2d,2p) calculations. The bond 
critical points are represented in small-sized spheres in green along the bond paths. 
All values are in a.u. 
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The weak intermolecular interactions have been quantified and validated 
based on the Pb and r:/2pb characteristics and provide insight into the QTAIM 
descriptors of the electron density and its Laplacian at the bond critical points. 
Therefore, further characterization of the vdW interaction strength in dimers is 
extended to the original molecules of interest - 1,2-/1,3-/1,4-difluorobenzene . . . Ne, 
as well as the 1,3 -difluorobenzene .. Ar dimer, which has been studied 
experimentally using microwave spectroscopy by another group member. 
3.4.2 Difluorobenzene .. . Ne/ Ar Complexes 
As mentioned in Chapter 2, the microwave spectrum belonging to 1 ,2-
difluorobenzene . . .  Ne dimer does not fit as well as it should. One possibility that 
contributes to this phenomenon is that there is some large amplitude motion 
occurring, perturbing the spectrum. Therefore, theoretical calculations of van der 
Waals (vdW) interactions between the rare gases with the aromatic rings have been 
performed via AIM analysis on the basis of electron density to inspect the associated 
interaction strengths. 
3.4.2 .1  Analysis of the bond critical points of the electron density and its 
Laplacian involving vdW interactions with aromatic rings 
The optimized geometries at the MP2/6-31 1++G(2d,2p) level of four 
representative complexes in the AIM-based molecular structure and its distribution 
of critical points and bond paths (and the presence of the ring critical points) are 
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shown in Figure 3.2.  These four complexes are 1,2-difluorobenzene . . .  Ne (1,2-
DFB . . .  Ne), 1,3 -difluorobenzene . . .  Ne (1,3-DFB . . .  Ne), 1,4-difluorobenzene . . .  Ne (1,4-
DFB . . .  Ne), and 1,3-difluorobenzene . . .  Ar (1,3-DFB . . .  Ar) . In the molecular graphs 
depicted in Figure 3.2, three out of four complexes have one vdW bond path (dotted 
line) connecting the rare gas to the ring, however, for 1,4-DFB . . .  Ne there are four 
bond paths connecting the neon atom to the ring. This is due to the molecular 
symmetry of the 1,4-DFB, which thus enables the neon to form multiple bond paths 
due to the close orientation of the Ne to other atoms that are all identical by 
symmetry. Furthermore, the curve of the vdW BPs (per bond path) can provide a 
preliminary indication on the interaction strength; the stronger the interaction, the 
less curvy the bond paths.9 Therefore, one could say the 1,4-DFB . . .  Ne complex is the 
weakest since the dotted bond paths are the curviest among the rest of the dotted 
bond paths in complexes in Figure 3.2.  The 1,3-DFB . . .  Ar complex would be the 
strongest since the dotted line is more linear. 
Looking at Figure 3.2 (b) and 3.2 (d), both complexes of 1,3-DFB . . .  Ne and 
1,3-DFB .. . Ar look almost identical. However, the presence of an additional ring 
critical point in 1,3-DFB . . .  Ar enables for these two complexes to be differentiated; 
the existence of the second ring critical point indicates that the Ar atom lies close to 
the center of the ring, which essentially affects the strength of interaction between 
the Ar and the 1,3-DFB. Details on electron density parameters at intermolecular 
BCPs are given in Table 3.2 .  
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Figure 3 .2 :  QTAIM-based molecular structure of (a) 1,2-difluorobenzene . . .  Ne, (b) 
1,3-difluorobenzene . . .  Ne, (c) 1,4-difluorobenzene . . .  Ne, and (d) 1,3-difluorobenzene . . .  Ar. 
The small-sized spheres in red correspond to BCPs. 
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(b) 
Table 3.2 : Structural and topological parameters at the bond critical points (BCPs) 
(in a.u.) based on QTAIM calculations. Re values (in angstroms, A) are obtained from 
the MP2/6-31 1++G(2d,2p) ab initio calculations. 
Re Pb/10-2 V2pb/10-2 E 
Compounds 
(A) (a.u.) (a.u.) (a.u.) 
1,2-DFB . . .  Ne 3 . 323  0.3595  1 .645 0.8942 
1 ,3-DFB . . .  Ne 3.477 0 .2770 1 .343 1 .747 
1,4-DFB . . .  Ne 3 .586 0 .2274 1 .185 1 5 4.8 
1,3-DFB . . .  Ar 3 .691 0.4023  1 .459 4.077 
Abbreviations: Re is the equilibrium bond distance of the rare gas perpendicular to 
the DFB; Pb is the electron density at BCPs; V2pb is the Laplacian of the electron 
density at BCPs; E is the ellipticity of the electron density at BCPs. 
Table 3.3 :  Structural and topological parameters at the bond critical points (BCPs) 
(in a.u.) based on QTAIM calculations. Re values (in angstroms, A) are obtained from 
the MP2/6-3 1 1  ++G(2d,2p) ab initio calculations. 
Re Pb/10·2 V2pb/10·2 E 
Compounds 
(A) (a.u.) (a.u.) (a.u.) 
1,3-DFB . . .  Ne 3 .477(a) 0 .2770 1 .343 1 .747 
1,3-DFB . . .  Ar 3 .691 (a) 0.402 3  1 .459 4.077 
1 ,1-DFE . . .  Ne 3 . 176(b) 0 .2974 1 .838 0 .1406 
1,1-DFE . . .  Ar 3 . 505 (b) 0 .3467 1 .493 0 .4180 
Abbreviations: Re (a) is the equilibrium bond distance of the rare gas perpendicular 
to the DFB, while Re (b) is the equilibrium bond distance measured between the rare 
gas and the center of mass of of DFE; Pb is the electron density at BCPs; V2pb is the 
Laplacian of the electron density at BCPs; E is the ellipticity of the electron density at 
BCPs. 
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The measured Laplacian (V'2pb) and electron density (pb) at BCPs is positive 
in all the complexes and the value of the electron density is a good indicator of the 
interaction strength for the weakly bound complexes (see Table 3.2) .  The potential 
strength of the interaction in the dimer involving neon decreases from 1,2-DFB > 
1,3-DFB > 1,4-DFB position. The corresponding Pb goes from 0.3 595  x 1 0-2 > 0.2770 
x 1 0-2 > 0.2274 x 1 0-2 a.u. as  Re goes from 3 .323 < 3 .477 < 3 .586 A. The same trend as 
the electron density can be found in the Laplacian where it decreases as the Re 
distance increases:  1 02 x V'2pb of 1.645 > 1 .343 > 1 .185  a.u. These large variances in 
the interaction strength between DFB substituents may also be affected by the 
polarity of the ring, with 1,2-DFB being the most polar ring, followed by 1,3-DFB, 
and lastly with 1,4-DFB being a non-polar ring (symmetric molecule) .10•11 However, 
the ellipticity values for these three complexes are in the reverse order due to the 
increase in the Re that makes it more elliptical, with 1,4-DFB . . .  Ne having the highest 
bond breaking potential (154.8 a.u.) , followed by 1,3-DFB . . .  Ne (1 .747 a.u.) , and 
finally 1,2-DFB . . .  Ne (0.8942 a.u.) . The reason for 1,4-DFB . . .  Ne having the highest 
ellipticity value is due to the symmetric BCP location, where the bond gets very 
elongated (see Figure 3.2 (c)) .  
The reason why the 1,3-DFB . . .  Ar has higher QTAIM electron density 
properties compared to the 1,3 -DFB . . .  Ne complex is due to argon atom having a 
larger atomic size than the neon atom; the vdW radii of Ne and Ar are 1 .54  A and 
1.88 A respectively.12 This behavior is consistent with the change in Re in both 
complexes, with Re in 1,3-DFB . . .  Ar of 3 .691 A and 3.477 A in 1,3-DFB . . .  Ne. A 
comparison between 1,3-DFB . . .  Ne and 1,3 -DFB . . .  Ar was worthwhile to be discussed 
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since both complexes involved the meta position. A brief comparison will also be 
made between DFB and DFE interacting with neon and argon rare gases. 
The same characteristics for the internuclear interactions can be classified in 
the 1,3-DFB . . .  Ne and 1,3-DFB . . .  Ar as those in DFE . . .  Ne and DFE . . .  Ar that have been 
discussed in previous section. According to Table 3.3, the Pb for 1,3-DFB . . .  Ne and 
1,3-DFB . . .  Ar are 0 .2770 x 10-2 and 0.402 3  x 1 0-2 a.u., while the Eb for the former and 
the latter complexes are 1 .747 a.u. and 4.077 a.u., respectively, indicating higher 
accumulations of the electron density in 1,3-DFB . . .  Ar, which is almost double the 
vdW potential interaction in 1,3-DFB . . .  Ne. The V2pb values for 1 ,3-DFB . . .  Ne and 1,3-
DFB . . .  Ar (1 .343 x 1 0-2 and 1 .459 x 10-2 a.u.) are close to each other, unlike the 
former DFE complexes. The Re distances between the Ne and Ar to the 1,3-DFB is 
over 0 .2 A different (3.4 77 A vs. 3 .691 A), whereas the difference of Ne and Ar to the 
1,1-DFE, is over 0.3 A (3 . 176  A vs. 3 .505  A) .  Since Ne has a smaller vdW radius than 
Ar (0.34 A smaller), it explains the divergences in the potential interaction strengths 
of rare gas with atoms of a larger radius (higher amount of electrons contribute to 
larger induced dipole moment) due to stronger dispersion forces. 
Furthermore, one might notice the large discrepancies in the Pb values 
between vdW complexes of rare gases with cyclic vs. non-cyclic molecules. The Pb 
between 1,3-DFB . . .  Ne and 1,1-DFE . . .  Ne are 0 .2770 x 10-2 a.u. and 0 .2974 x 1 0-2 a.u., 
respectively (with the former Re distance being longer, -0.3 A), indicating that 1 ,1-
DFE . . .  Ne has a stronger potential vdW interaction. Conversely, the opposite 
behavior is observed between 1,3-DFB . . .  Ar and 1,1-DFE . . .  Ar where the former has 
stronger potential vdW interaction than the latter complex (0.402 3  x 1 0-2 and 
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0.3467 x 1 0-2 a.u. respectively) despite possessing longer Re distance (3.69 1 A vs. 
3 .505  A) .  Such behavior may be due to the high interaction potential involving the 
larger electron orbitals of the Ar atom at the center of the aromatic ring. Argon's 
larger electron shell would contribute to stabilization of the vdW interactions, but 
not for Ne complexes.s.13,14 
The same argument cannot be applied when simply comparing the E b 
between 1,3-DFB . . .  Ne (1 .747 a.u.) and 1 ,1-DFE . . .  Ne (0.1406 a.u.) because high value 
of the Eb should indirectly correlate with the potential interaction strength and how 
easily the bond would be broken, although, the Eb values for 1,3-DFB ... Ar and 1 ,1-
DFE . . .  Ar show direct correlations with the Pb and \/2pb, where 1 ,3-DFB . . .  Ar 
possesses higher QTAIM electron density properties compared to 1,1-DFE . . .  Ar. 
3.4.2.2 Analysis of the contour plots of the electron density and its Laplacian 
involving vdW interactions of aromatic rings 
Table 3.4 illustrates the AIM-based contour plots for the electron density 
and its Laplacian for the aromatic weakly bound complexes of 1 ,2-/1,3-/1,4-
difluorobenzene . . .  Ne. Looking at the contour plots of the p, it suggests that the 
contour patterns of the electron density for all complexes are almost identical 
(disregard the halogens orientations) . On the other hand, the Laplacian of electron 
density provides more detailed information (i.e. regions where the electron density 
is concentrated and depleted) in its contour patterns. 
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Table 3 .4: The contour plots of the electron density and the Laplacian of electron 
density for rare gases interacting with aromatic rings in the molecular plane, 
calculated at the MP2/6-3 1 1  ++G(2d,2p) level of theory. 
p 
1,2 -difluorobenzene . . .  Ne 
1 ,3 -difluorobenzene . . .  Ne 




Figure 3 .3 :  Contour plots for 1,2-DFB . . .  Ne computed with MP2/6-3 1 1++G(2d,2p) .  
(a) Electron density in  the molecular plane with set o f  contours from outside going 
inward of: 0 .00 1, 0 .002,  0 .004, 0 .008, 0 .02, 0 .04, 0 .08, 0.2, 0.4, 8.0, 20 .0, 40.0, and 
80.0 a.u., respectively. (b) Laplacian of the electron density in the molecular plane. 
The dashed contours in red represent regions of charge concentration, and solid 
green lines denote regions of charge depletion. (c) Laplacian of electron density in 
the symmetry plane of the molecule. The dotted bond path in atom color (carbon = 
grey; neon = and turquoise) represents a weak interaction where 'l2pb is positive. 
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In  Figure 3.3,  the molecular structure of the 1,2-DFB . . .  Ne  complex has been 
superimposed on these plots from Table 3 .4 to highlight the bonding interactions. 
Figure 3.3 (a) is a contour map of the electron density in the molecular plane, 
Figure 3.3 (b) is a Laplacian contour plot in the molecular plane showing the 
regions of charge concentrations and depletions, Figure 3.3 (c) is the corresponding 
contour map in the dimer symmetry plane. 
The electron density contour plots can provide basic topologies associated 
with the complexes, however, further topological properties are required to identify 
the bonding regions. Looking at the p contour plot in Figure 3.3 (a), there is no 
indication where the electrons would likely be concentrated or depleted, unlike its 
Laplacian contour plot that provides the mapping of electron distributions.15 In 
Figure 3.3 (b), the contour regions with red dashed lines represent regions of 
electron concentration (''i/2p < 0), and the solid green lines denote regions of 
electron density depletion ('i/2p > 0).  Furthermore, the Laplacian contour plot also 
reveals regions for the covalent interaction with high polarity atoms (shown in 
Figure 3.3 (b)) ,  which implies some decrease in electron transfer compared to C-C 
bond.16 
As has been stated earlier, both contour plots in Figure 3.3 (a) and Figure 
3.3 (b) are in the molecular plane of the difluorobenzene, which is unable to depict 
the weakly bound interaction in the dimer. Figure 3.4(c) is the Laplacian of electron 
density where the neon atom lies perpendicular to the molecular plane of the 1,2-
DFB. The regions between the Ne and the ring do not show any interactions present 
between these monomers, due to separation of the plots by regions of electron 
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depletions. Due to the lack of bond paths in the contour maps, it is very difficult to 
determine whether these atoms in the molecule are linked to each other. Therefore, 
it can be established that the contour plot of electron density and its Laplacian may 
be useful in identifying charge concentration between covalently bonded molecules, 
but not for non-covalent interactions. 
3.5 Conclusions 
Bader's Quantum Theory of Atoms in Molecules (QTAIM) has been 
successfully applied to the intermolecular interactions involving rare gases of Ne 
and Ar with cyclic and non-cyclic difluorinated complexes. The analysis that has 
been performed in this study provided the molecular structures with the presence 
of bond paths . linking atoms in equilibrium geometry and the associated bond 
critical points properties of the electron density. 
This study indicates that the value of the electron density at bond critical 
point for aromatic weakly bound complexes with neon rare gas of 1 ,2-DFB . . .  Ne is 
the highest (0.3 595  x 1 0-2 a.u.) if compared to the 1 ,3-DFB .. . Ne (0.2770 x 1 0-2 a.u.) 
and 1,4-DFB .. . Ne (0 .2274 x 1 0-2 a.u.) complexes. However, when the aromatic 
molecule (1 ,3-DFB) is interacting with Ar the corresponding Pb of 0.4023  x 1 0-2 a.u. 
surpassed any of the Pb values of molecules interacting with Ne. The bigger atomic 
radius of Ar than the Ne is reflected by the high value of the electron density at the 
bond critical point. 
Additionally, the values of the electron density at bond critical point provides 
the insight of bond characteristics of weakly bound complexes between DFE and 
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DFB interacting with Ne/Ar - the Pb of 1,3-DFB . . .  Ne (0.2770 x 1 0-2 a.u.) is slightly 
smaller than 1,1-DFE . . .  Ne (0.2974 x 1 0-2 a.u.), while the Pb of 1,3-DFB . . .  Ar (0.4023  x 
1 0-2 a.u.) is relatively higher than 1 ,1 -DFE . . .  Ar (0.3467 x 1 0-2 a.u.) ; the potential 
interaction strength involving argon atom has been shown to stabilize its interaction 
with the aromatic ring, but not for Ne. 
Subsequently, the extended analysis on the electron density and its Laplacian 
through the contour plots have shown that the electron concentration and depletion 
can be identified via the 'V2p contour plots and not the p contour plots. The data 
obtained from this QTAIM analysis involving difluorinated weakly bound complexes 
with Ne and Ar rare gases established conclusion that there is some association 
between high electron density at the bond critical point and the strength of bonds 
by evaluating both the Pb and the Eb (which analyze the likelihood of the bond to be 
broken).17 From this analysis, the 1 ,2-DFB . . .  Ne showed to have stronger interaction 
since it has the highest amount of electron density and the smallest bond ellipticity 
at the BCP (that are 0 .3595 x 1 0-2 a.u. and 0.8942 a.u.) . The interaction strength 
between the Ne and the DFB continues to go down from this 1,2-DFB . . .  Ne to 1,3-
DFB . . .  Ne (where the corresponding Pb and Eb are 0.2770 x 1 0-2 a.u. and 1 .747 a.u.) , 
and finally with 1,4-DFB . . .  Ne being the lowest with the Pb and the Eb values of 0 .2274 
x 1 0-2 a.u. and 154.8 a.u. 
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Chapter 4 
Infrared Analysis of 1, 1-Dichloroethylene from 
Canadian Light Source Synchrotron Data 
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4.1 Introduction 
1,1-dichloroethylene (1,1 -DCE) is a colorless organic liquid with a sharp 
odor. This compound is used widely in industrial sectors and the waste is often 
discharged from the factory into the water systems.1 This can affect humans' health 
when consuming above the maximum contaminant level goals at 7 parts per billion 
(ppb) . 1  In order to better understand physical properties of the compound, its 
absorbance was analyzed using the high-resolution infrared (IR) beamline for far-
infrared region (- 10 - 1 1 00 cm-1) at the Canadian Light Source Synchrotron in 
Saskatoon, Canada. 
Figure 4.1 :  Structure of 1 ,1 -DCE.  
Chlorine atom has two stable isotopes, 35Cl 
with a relative abundance -75% and 37Cl with 
a relative abundance -2 5%. As shown in 
Figure 4.1, there are two chlorines present in 
1, 1-DCE, therefore, the chlorine species that 
might be present in the sample are: 
H2c--C35Cl35Cl ( l l ) d parent mo ecu e an an 
isotopic molecule of H2C=C35Cl37 Cl; the isotopic 
37 37 . molecule of H2C=C Cl Cl is not present in the spectra due to extremely low 
concentrations (with an abundance ratio of 9 : 6 : 1  between 35Cl35Cl :  35Cl37Cl :  37Cl37Cl) . 
These isotopologue species consist of various masses and according to 
Equation 1 .  7, the moments of inertia and the rotational constants of these species 
would be different thus will give different IR spectra. For systems that have the 
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same chemical compositions with different structural arrangements like trans-1,2-
dichloroethylene, 2 the corresponding IR spectrum would be varied compared to 1 ,1-
DCE since the molecular motions of the molecules and the mass distributions (the 
atoms are bonded differently) are different which will change the principal 
moments of inertia. 
The purpose of this study is to obtain spectroscopic information on the 
rotational-vibrational transitions of the molecule, which will be used to determine 
the molecular structure. Kisiel, et al.3 have studied the same species in microwave 
spectroscopy and its vibrational ground state experimental rotational constants are 
used in this work to predict the excited state rotational constants. 
4.2 Experimental Methods 
The sample of 1 ,1-DCE was scanned (from -500  - 1 1 00 cm-1) using a Bruker 
IFS12 SHR spectrometer with 1 7  mTorr of gas, through a 72 m path length. A total of 
101  scans were averaged together and contribute to the experimental spectrum. 
The resulting spectrum consists of a-type (C-Cl asymmetric stretch and CH2 
rocking),  b-type (C-Cl symmetric stretch), and c-type (CH2 wagging) bands that are 
centered at 796.02 cm-1, 604.40 cm-1, and 868.49 cm-1, respectively (see Figure 
4.2) .  The determination of the band types (a-/b-/c-type) relies on the type of 
vibrations that are involved along the a, b, or c axis of inertia. For the b-type band 
involving the C-Cl symmetric stretch (Figure 1.18) ,  the dipole moment change is 
along the b-axis. The a-type bands involving the CH2 rocking and C-Cl asymmetric 
stretch (Figure 1.19 and 1.20) have the change in the dipole moment along the a-
1 1 1  
axis. Finally, the last band type, the c-type band involving the CH2 wagging (Figure 
1.2 1), the dipole moment change is along the c-axis. 
These band types can also be characterized based on the band shapes.4 An a-
type band would have a strong central peak called a Q-branch, accompanied by two 
weak bands of P- and R-branch (with the former located on the left side, lower 
frequency, of the Q-branch and R-branch is on the right side, higher frequency) . In 
contrast, a b-type band has no Q-branch but has two strong branches of P and R. A 
c-type band consists of the same bands as an a-type band with relatively strong P 
and R branches, and a strong middle Q-branch. The highest intensity spectrum can 
be observed in C-Cl symmetric stretch and C-Cl asymmetric stretch, which the 
intensity depends on change in dipole moment µ. The intensity of the CH2 wagging 
may not be quite as prominent as Figure 1 .18 and 1.20;  however, its intensity is 
higher than one in Figure 1 .19 .  
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Figure 4.2 : Far- IR experimental spectrum obtained from the Canadian Light Source 
with different band types associated with 1,  1 -dichloroethylene. 
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4.3 Predictions of Spectrum 
The goal of this work can be described schematically and is shown in Figure 
4.3; the assignment of the spectrum determines the rotational and vibrational 
energy levels, and subsequently the rotational constant at v = 1. The calculations of 
rotational energy levels and rotational constant for v = 1 can be done by fitting the 
frequencies to the Hamiltonian. They are predicted from the ab initio structure and 
once they have been fitted experimentally, the experimental values can be used to 








Figure 4.3 : Schematic system in this study. 
4.3 .1  Ab initio Calculations 
Rotational 
Constant Structure 
Ab initio calculations were performed for the vibrational frequencies of 1 , 1 -
DCE using anharmonic approximations that resulted in  the excited state rotational 
constants. These predictions were made for both parent and isotopic chlorine 
species via Moller-Plesset second order perturbation level of theory with a 6-
3 1 1  ++G(2d,2p) basis set using Gaussian 09.  5 The rotational and centrifugal 
distortion constants for the ground state (GS) of 1 , 1 -DCE were obtained from a 
microwave spectroscopic study completed by Kisiel, et al.3 and converted to 
wavenumbers. 
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The calculated wavenumbers (see Table 4.1) were then used to determine 
the scaled predicted rotational constants (that is better than the ab initio 
calculations) for the excited state (ES) . The scaled values were obtained for both 
parent and isotopic molecules by multiplying the ab initio ratios (of the 3 SCJ35Cl 
excited state to the 3SCJ35Cl ground state, and the 3 SCJ37Cl excited state to the 3SCJ37Cl 
ground state) by the experimental microwave ground state constants (see Equation 
4.1 and 4.2) .  Complete scaled values can be found in Table 4.2 . 
3sc13sc1 ab initio ES 
Scaled = x Microwave GS 3sc13sc1 
3 sc13sc1 ab initio GS 
35Cl37Cl ab initio ES 
Scaled = x Microwave GS 3SCJ37Cl 




Table 4.1 :  Conversion results of spectroscopic constants to wavenumbers for both 
H2C=C3sc13sc1 and H2C=C3sc131c1. 
Spectroscopic MicrowaveJ Wavenumber (cm·l) 
Constants H2C=CJSC}3SCI H2C=CJSCl37Cl H2C=CJSC}JSCI H2C=CJSCJ37Cl 
Rotational MHz MHz 10·1 cm·1 10·1 cm·1 
A 7467.08368 (5 2) 7 424.06593  (7 4) 2 .4907 5 1 0 1 (17) 2 .47640 183 (24) 
B 341 1.5 6106(29) 3 3 19 .42 5 5 2 (41) 1 . 137974278(96) 1 . 107241 1 7 (13)  
c 2 3 3 9.083 0 0 (23)  229 1 .3 0 2 2 9 (3 0) 0 .780 234104(25) 0 .7642 9 6 1 7 (10) 
Distortion kHz kHz 10·8 cm·1 10·8 cm·1 
il1 0 .901 667(76) 0 .85639 (14) 3 .00763 (25) 2 .85 660 (46) 
ilJK -1 .2 3 8 2 7 (22) -1 . 19354(47) -4. 13 042 (73) -3 .981 2 (1 5) 
ilK 8 .3 1 7 7 1 (38) 8 .2414(11)  0 .277448(12)  0 .274903 (3 6) 
61 0 .329 1 6 2 (29) 0 .309649(61)  1 .097966(96) 1 .03287 (20) 
6K 1 .8 1 5 34(3 5) 1 .760 0 (1 1) 6.0 5 5 3 (1 1) 5 .8707(3 6) 
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A / cm-1 B / cm-1 C f  cm·1 
35(}35(1 35(}37(1 35(}35Cl 35(137(1 35(}35(1 35(137(1 
Microwave3 
0.249075008(17) 0.247640183 (24) 0.113797398(96) 0.1 10724117(13)  0.780233934(25) 0.76429617(10) 
Ground 35(J35Cl 35(J37Cl 35(}35(1 35(}37(1 35(J35Cl 35(}37Cl 
state ab 
initio 0.247600 0.246201 0. 1 1 1320 0 .108636 0.0768580 0.0752950 
Excited 35(J35Cl 35(}37Cl 35(}35(1 35(J37Cl 35(}35(1 35(}37(1 
state ab 
initio 0.247083 0.245693 0.1 1 1418 0.108430 0.0766500 0.0750920 
35(J35Cl 35(J37Cl 35(}35Cl 35(J37Cl 35(J35Cl 35(J37CI 
Scaled 
0.248555 0.247129 0.1 13579 0. 110514 0.0778122 0.0762235 
These predicted spectroscopic constants are used to generate the predicted 
spectrum in the SPCAT (spectrum CATalog) program.6 With the help of assignment 
and analysis of broadband spectra (AABS) program,7 both experimental and 
predicted spectrum can be viewed simultaneously, as shown in Figure 4.4, 4.5 and 
4.6. 
4.4 Analysis of the measurements 
In  this work, the assignment of predicted spectrum to the experimental 
spectrum corresponds to an a-type band at 796.02 cm-1. A c-type band at 868.49 
cm-1 has been analyzed by Lena Elmuti, a former member of the research group. 
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Figure 4.4 shows an overview of a dense spectrum of 1 ,1-DCE a-type band 
(an asymmetric stretch) with three observable rotational branches (that depends on 
the changes in the rotational j quantum numbers) of an R-branch, a P-branch, and a 
Q-branch. Since 1 ,1-DCE is an asymmetric top molecule, all three principal moments 
of inertia are different where le > h > Ia and a single rotational quantum number ] 
would not be sufficient to unambiguously describe the rotational levels of the 
molecule, thus both projections of total angular momentum along the a axis (Ka) and 
along the c axis (Kc) are needed in order to analyze the rotational energy levels. 
Figure 4.4: Experimental and predicted spectra that comprise of P ( !!,.] = -1 ) ,  Q ( !!,.] = 
0), and R (Jj,J = + 1) branches. 
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Figure 4.5 :  Experimental spectrum in SVIEW_L (top) and predicted spectrum in 
ASCP _L (bottom) for HzC=C35Cl35Cl. The red color boxes show the calculated 
(79 1 .2 3 5 1 5  cm-1) and observed (79 1 .2 360 cm-1) frequencies are almost identical. 
t;hi svork2 cat; 
7 9 0  
H • heln 
800 
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Figure 4.6: Experimental spectrum in SVIEW _L (top) and predicted spectrum in 
ASCP _L (bottom) for HzC=C3SCI37Cl. The red color boxes show the calculated 
(794. 1 5 8 3 1  cm-1) and observed (794. 1478 cm-1) frequencies are not in close 
proximity. 
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Spectrum assignments of 1 ,1-DCE were made using the AABS program. AABS 
is a graphical analysis program that is linked directly to SPFIT and SPCAT, with two 
display programs, ASCP and SVIEW, where it can analyze spectra with resolved 
rovibrational transitions. Each program has its own display; SVIEW _L is a viewer of 
the observed spectrum, while ASCP_L is a viewer of the predicted spectrum (see 
Figures 4.5 and 4.6) . In the observed spectrum of Figure 4.6 there are two Q­
branches that are present where the Q-branch on the right corresponds to the 
H2C=(3S(J35Cl molecule, while the Q-branch in the box corresponds to the 
H2C=C35Cl37Cl molecule. 
The initial step of assigning the peaks is to look for the same characteristic 
patterns with the strongest intensities as the ones in the experimental spectrum; 
some offsets in the predicted peaks to the observed peaks are common before the 
assignments, as shown in Figure 4.6 of H2C=C3SCI37Cl, where the frequency of the 
observed spectrum is at 794.1478 cm-1 while the frequency of the predicted 
spectrum is at 794. 15831  cm·l. The predicted quantum numbers from the identified 
patterns are assigned to the rotational transition frequencies that appear in the 
observed spectrum. An alternative method to assign the spectrum is via a Loomis 
Wood plot.7,B The plot as shown in Figure 4.7 interprets the lines from the spectra 
data set and represents them as triangles where each triangle shape reflects the 
relative line intensities of the data set. The assignment of spectra in a Loomis-Wood 
plot is simpler than typical spectral assignment due to its ability to align the same 
quantum numbers, such as Ka = 2, vertically, although, this method may not be 
appropriate during the initial stage of assignments when the predicted spectrum 
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has not aligned well with the observed spectrum which will lead to assigning wrong 
transitions (the window of the observed spectrum won't be displayed) .  
The proposed quantum number assignments will then be fitted via SPFIT 
program.6 SPFIT is a program using quantum mechanics to fit observed frequencies 
from assigned rotational constants to a Hamiltonian to determine the energy levels 
of the molecule. The fitting involves the parameters of the rotational constants A, B, 
and C in the excited states, center frequency (LlE), and the excited state centrifugal 
distortion constants of LlJ, LlJK, LlK, 81, OK; the fitted equation can be found in Equation 
1.14. Once a new set of predicted rotational constants has been produced, SPCAT 
program will be used to predict what the vibrational spectrum will look like. 
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thisworkl . cat 
2 3ti <- 39 2 37 
2 38 <- 40 2 39 
2 37 <- 40 2 38 
2 39 <- 41 2 40 
2 31 <- 41 2 39 
2 40 <- 42 2 41 
2 39 <- 42 2 40 
2 41 <- 0  2 42 
2 40 <- 43 2 41  
2 42 <- 44  2 0 
2 41 <- 44 2 42 
2 43 <- 4 5  2 44 
2 42 <- 4 5  2 0  
Figure 4.7: A Loomis Wood plot fitting in the P-branch of 796.02 cm-1 band. The 
numbers on the right side of the graph correspond to the vibrational transitions 
ranging from the ]KaKc -7 U- l)Ka(Kc-1); i .e .  392,37 -7 382,36 to 452.43 -7 442,42 . The green 
color peaks are associated to the assigned transitions, while the yellow peaks 
correspond to the unassigned transitions. The two vertical pink bars encompass the 
Ka =  2 .  
As more rotational transitions are being fitted, this process will produce a 
precise prediction that matches the experimental spectrum transitions (only when 
the right frequencies are being fitted) . Figure 4.8 shows the close-up P-branch 
frequency region at -791 .23  cm-1 where observed and predicted spectra are 
aligned as a consequence of the right vibrational transitions being fitted. When 
enough vibrational transitions are fitted, a set of vibrational transitions (i .e. 2 90. 29 -7 
1 2 1  
2 80,20; 29 1,20 -7 281,27 and 292,20 -7 282,27; 293,2 7 -7 283,26; 294,26 -7 284,2s) can be 
identified and this is depicted in Figure 4.9. 
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Figure 4.8: The predicted spectrum is in a good agreement with the observed 
spectrum 
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Figure 4.9: Fitted vibrational transitions ranging from the ]KaKc 7 U- l)Ka(Kc-1); i .e. 
290.29 -7 280.20 to 294,26 -7 284,2s for the parent molecule in the ?-branch. 
• •scp_I 
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Figure 4.10 :  The predicted spectrum of H2C=C35Cl37Cl (turquoise color spectrum) 
after wrong transition assignments that resulted in the presence of spectrum's tail 
and losing the Q-branch. The yellow color spectrum corresponds to the 
H2C=C35Cl35Cl (parent) molecule. 
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When the new predicted spectrum from SPCAT looks different from the 
previous fitting, this is an indication some of the rotational transitions have been 
assigned to wrong frequencies; the new transition lines might be  too strong (the 
lines are overlapped with other transition(s)), too weak, or even shifted either to the 
left or the right of the window, which changes the spectrum as a whole. As shown in 
Figure 4.10, wrong assignments have been made in H2C=C35CJ37Cl where the Q­
branch has disappeared and spectrum tail is present to the right of the R-branch. 
4.5 Results and Discussion 
4.5.1 Parent Molecule (H2C=CJsc13sc1) 
A total of 1601  assigned lines of the parent molecule, H2C=C3sc13sc1, have 
been fitted and these assigned lines are available in Appendix C, which 
demonstrates lines at experimental and predicted frequencies, along with the 
difference between experimental and predicted frequencies to achieve a rotational 
constant fit for a-type band spectra. 
This a-type (796.02 cm-1) band of parent molecule was fitted to five 
distortion constants (Ll1, LlJK, LlK, 81 , oK ), and all three excited state rotational 
constants (A, B, and C) while all of the ground state spectroscopic constants stay 
fixed at values from Kisiel.3 These 1601  rotational transitions were fitted and have a 
root mean square (RMS) deviation of 0.00044 7 cm·1 (Table 4.3) .  RMS, is a square 
root of the mean squared deviation of an assigned frequency from the fit, and the 
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acceptable RMS value for these far- IR spectra is <0.0005 cm-1 (the Canadian Light 
Source far-IR beamline has a resolution of 0.00096 cm-1) .  
From Table 4.3, i t  can be  identified that fitted excited state rotational 
constants are in good agreement with scaled ab initio values (low percent error) . 
These agreements of the experimental rotational constants with the scaled values 
made it easier to assign the transitions of the parent molecule. The rotational 
constants in the excited states allow one to describe the behavior of the molecule 
when it vibrates; in the excited states the bonds are stretched and therefore its 
corresponding moment of inertia increases. According to the rotational constant 
equation in Equation 1.5 (where B = h: ) , it indicates that when the moment of Sn I 
inertia increases, the rotational constant decreases. This characteristic agrees with 
the excited state rotational constants, with the ground state rotational constant 
values slightly larger than the excited state. The distortion constants between the 
ground state and the excited state may not follow the same argument as the 
rotational constants; however, the former values between the ground and excited 
states are in close approximation. 
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Table 4.3 :  Fitted spectroscopic constants for H2C=C35Cl3 5Cl at 796.02 cm-1 a-type 
band.a 
Ground State3 Excited State Scaled % 
(Fixed) (Fitted) Prediction Error 
A /  cm-1 0.249075008(1 7) 0 .24872835 (36) 0 .2485 5 5 0 2 1  0 .070 
B / cm-1 0 .1 1 3 797398 1 (96) 0 .1 1 3 5 2871 (102) 0 .1 1 3 5 7927  0.045 
C / cm-1 0.0780233934(25)  0 .077803 1 0 (38) 0 .0778 1 2 2 5 7  0 .0 1 2  
111 / 10-6 cm-1 0.03007  63 (25) 0.0301326 (88) 
l11K / 10-6 cm-1 -0 .0413042 (73) -0 .03 3962 0 (96) 
11K / 10-6 cm-1 0.2 77448(1 2) 0.208010 (281)  
61 / 10-6 cm-1 0.01 097966(96) 0 .01 097970 (47) 
6K / 10-6 cm-1 0.06055 3 (1 1) 0 .062 145 (5 5) 
tlE / cm-1 796.019128(56) 
N 1601  
f1Vrms/ cm·l 0.000447 
auncertainties in parenthesis. 
4.5.2. Isotopic Molecule (H2C=C35CJ37Cl) 
Fifty-three tentative assignments on the isotopic molecule, H2C=C35(J37Cl, 
have been made, however, this attempt was unsuccessful. The difficulties in the 
assignment are due to weaker isotopic lines' intensities (with a ratio of 9 :6  between 
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the parent and isotopic molecules ) i, and many of the isotopic transitions are beneath 
and overlapping with the parent molecule (see Figure 4.11) .  In addition to its low 
intensities, searching for the patterns that can be matched to the observed spectrum 
is relatively difficult since . the spectrum intensity is much weaker and therefore 
overshadowed by the spectrum of the parent molecule. 
As shown in Table 4.4 the RMS deviation is 0.001919  cm·1, which is way too 
high for only 53 fitted transitions. This high RMS value is an indication that some of 
the transitions that were fitted could be wrong assignments. Many attempts have 
been made to lower the RMS value but it was disastrous, even when the percent 
errors of the experimental to the scaled rotational constant values are relatively 
small. Another reason for this unsuccessful assignment is that the Q-branch could 
not be aligned just right to match or to be in a close approximation to the observed 
Q-branch. 
Furthermore, it is obvious that this assignment must be incorrect when 
comparing the distortion constants of the excited state to the ground state; these 
distortion constant values are very unreasonable!  This can be easily identified when 
comparing the differences in ground state and excited state distortion constant 
values where the ground state of the l::.J, !::.1K, !::.K, 611 and SK are very small compared to 
its excited state value. However, this false assignment has provided some insight 
where the peaks that show similar patterns as the observed spectrum do not 
i The ratio for Cl in general is 3 : 1 for 35Cl : 37Cl (37Cl is � of atoms) . Since there are two 4 
Cl atoms, the chance of 35Cl and 37Cl is (� x �) x 2 = �. while chance of 35Cl and 35Cl 4 4 1 6  
is (� x �) = .!.. therefore the ratio of 3SCJ35Cl to 35CJ37Cl is 9 :6 .  4 4 1 6' 
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necessarily mean that they are what they appear to be, and if the band center is able 
to be aligned confidently it may help to reduce the possibility of false assignments. 
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Figure 4.11 :  Weaker intensity of the predicted isotopic spectrum (in turqouise 
color) which are beneath and overlapping with the parent spectrum (in yellow 
color) . 
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Table 4.4: Fitted spectroscopic constants for H2C=C35Cl37Cl at 796.02 cm-1 a-type 
band.b 
Ground State3 Excited State Scaled 
% Error 
(Fixed) (Fitted) Prediction 
A I cm-1 0.247640 183 (24) 0 .2472081 (191) 0 .247129  -0 .03 2 
B I  cm·1 0. 1 1 0 7241 1 7 (1 3) 0. 1 104564(1 1 6) 0 .1 10514  0.052  
CI  cm-1 0.076429617 (1 0) 0 .07625862 (89) 0.076224 -0.045 
!J.1 / 10·6 cm-1 0.0285660(  46) 0 .2687(169) 
!J.1K / 10·6 cm·1 -0.039812 (15)  - 1.802 (143) 
!J.K / 10-6 cm·1 0.2 74903 (3 6) 4.2 54(2 5 5) 
li1 / 10·6 cm-1 0.0103287 (20) 0 .1 554(84) 
liK / 10-6 cm·1 0.058707(3 6) 3 .244(48) 
!J.E / cm·1 794.10604(55) 
N 5 3  
!J.Vrms/ cm·l 0.001919  
hUncertainties in  parenthesis. 
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As has been mentioned earlier, a former group member has assigned a c-type 
band at the band center of 868.49 cm-1 of the molecule, hence, a comparison 
between the spectroscopic constants of the parent molecule in an a-type and c-type 
bands is made. A c-type band of the 1 ,1-DCE involves a CH2 wagging and all three 
branches (P-/R-/Q-branch) are present; there is only one Q-branch present in the c­
type band, where the Q-branch for the isotopic molecule is expected to be beneath 
the Q-branch of the parent molecule (see Figure 1.2 1),  while the second Q-branch 
that is present in the a-type band is due to how much the frequency of that vibration 
(C-Cl asymmetric stretch) changes with isotopic substitution (refer to Figure 4.4) . 
According to Table 4.5, a total of 6545 rotational transitions have been fitted 
with an RMS deviation of 0 .000388 cm-1; however, three excited state distortion 
constants of the !::i.JK, 6" 6Kwere not being fitted, while all the excited state distortion 
constants in the a-type band were fitted. This is because an a-type band involves C­
CI asymmetric stretch, which gives a larger change in dipole moment compared to 
the CH2 wagging. More distortion constants are needed to fit very high rotational 
transitions of the excited state (large n in the a-type band. Furthermore, since 
molecular vibrations involve wagging, the bond lengths within the involved group 
(CH2) do not change, hence there is small change in rotational constants. When 
comparing the rotational constants in the ground state and the excited state of the 
a-type and c-type bands, one could identify that the excited state rotational 
constants involving C-Cl asymmetric stretch decreases (the bonds are stretched in 
the excited state, thus increases the moment of inertia) , while the rotational 
constants involving the CH2 wagging increases (the bond lengths stayed the same so 
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the only change would be in the bond angles, thus there is a minimal effect on the 
moment of inertia) . 
Table 4.5 :  Fitted spectroscopic constants for H2C=c3sc13sc1 at 868.49 cm-1 c-type 
band.c 
Ground State3 (Fixed) Excited State9 (Fitted) 
A I cm-1 0.249075 101  
B / cm·1 0. 1 1 3 797428 
CI cm-1 0.078023410  
l:!.1 I 10-6 cm-1 0.030076400 
l:!.1K / 10-6 cm-1 -0 .041304200 
l:!.K / 10-6 cm-1 0.2 7744900 
li1 / 10-6 cm·1 0.0 1 0979700 
liK / 10-6 cm-1 0.060 5 5 3 2 00 
l:!.E I cm-1 
N 
l:!.Vrms/ cm·1 
cuncertainties in parenthesis. 
*these constants are not being fitted 
0 .248549075(27) 
0. 1 1 3852295 (1 8) 
0 .0780612 3 1 (20) 
0 .03008383(159) 
-0 .041304200* 
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4.6 Conclusion 
The structure determination of 1 ,1-dichloroethylene was unable to be 
accomplished due to difficulties in assigning the isotopic molecule rotational 
transitions. However, a total of 1601  peaks in the H2C=C35CJ3SC1 molecule in the a­
type band at 796.02 cm-1 have been assigned with a reasonable RMS value of 
0 .00044 7 cm-1; the high RMS and unreasonable distortion constants in 
H2C=C35Cl37Cl molecule show that this assignment must be  incorrect. This issue may 
be resolved by redoing the whole process from the beginning (allow SPCAT to 
predict the spectrum before any fittings are done) and assigning a small number of 
lines (around 4 - 5 lines) at a time to avoid any false assignment, which can help to 
identify any changes in the spectrum more rapidly. 
The lower number of assigned lines in the a-type band (1601 lines) 
compared to the c-type band (6545 lines) could be a sign of some small errors in the 
assignment of a H2C=C3sc13sc1 molecule. The assignment of the H2C=C3SCJ37Cl 
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The microwave spectrum belonging to the 1,2-difluorobenzene . . .  Ne dimer 
could not be satisfactorily fitted due to unusual patterns in the observed spectrum. 
The hypothesis as to why this phenomenon occurred is that there is some large 
amplitude motion, which perturbed the spectrum. Hence, the focus of this thesis was 
to analyze the potential energy surface (PES) of the vdW interactions of the rare gas 
with difluorobenzene at the ortho, meta, and para positions, and reveal the bonding 
patterns in the weakly bound complexes using 8ader's approach of the Quantum 
Theory of Atoms in Molecules (QTAIM) . Furthermore, an experimental far-IR 
spectrum of 1,1 -dicloroethylene was analyzed in order to study the low frequency 
intermolecular vibrational modes, which in a dimer would be directly related to the 
tunneling and large amplitude motion of the rare gas. 
5.2 Potential Energy Surface and Quantum Theory of Atoms in Molecules 
Analysis of Weakly Bound Complexes 
A global PES s can has been developed for the weakly bound complexes in the 
equilibrium state of 1,2-DF8 . . .  Ne, 1,3-DF8 . . .  Ne, and 1,4-DF8 . . .  Ne.  This quantitative 
work has provided insight of the Ne positions relative to the ring and its associated 
QTAIM 2D contour plots are being compared (based on the topological structure) in 
Table 5.1. For the 1,2-DF8 . . .  Ne the local energy minimum region (refer to Figure 
2 .7) is located from the positive side of 81  axis (-0.70 A) to the region of the two 
fluorine atoms (-2 .8 A), and from the negative 1 .0 A to positive 1 .0 A along 83 .  In 
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the 1,3-DFB . . .  Ne, a global energy minimum of the neon (refer to Figure 2 .10) is 
identified scattering towards the ring from its center (where the local energy 
minimum is located right below the neon atom) to the B3  axis (- -0.5 A to - 2 .3  A) 
and B l  axis (- ±2 .5  A) . A very different behavior is seen for the weakly bound 
complex involving the 1,4-DFB . . .  Ne  where the lowest relative energy of the Ne with 
respect to the ring (refer to Figure 2.12) is located along the negative B3  (- 2 .7  A) 
to the positive 83 (-2.7 A) axis and in the negative and positive Bl  axis (from - -1 .0  
A to + 1 .0 AJ. 
The identified global minimum on the potential energy surfaces of the dimers 
provides the motion paths of the neon relative to the ring within the same relative 
energy, which is useful in analyzing the effect of internal motions to the 
perturbation of the spectrum. Of particular interest are the changes in the potential 
energies that occur when the difluorobenzene has different substituent positions 
and contributes to variation of regions of the global energy minimum across 
different dimers. The symmetry or lack of symmetry of the ring monomer is the 
main key to these trends; the high symmetry possessed by 1,4-DFB is responsible 
for the non-polarity of the ring, which is the reason for global minimum region from 
one end of the fluorine to the other end of fluorine atom across the ring. On the 
other hand, the 1,2-DFB has the highest polarity compared to the other two rings, 
due to the shift of rr density towards the F atoms, thus affecting the vdW interaction 
of the neon with the ring. 
Furthermore, the topologies of QTAIM \/2pb contour plots of the DFB rings 
show several variations in the electron density distributions (refer to Figure 3.2, 
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3.4, and Table 3.2, 3.3,  3.4) . Comparing the topology in the center of the ring, both 
1,3- and 1,4-DFB rings have more circular contours, while the 1,2-DFB has an almost 
straight line to the right of the ring contour at the C(F) -C(F) position; this Laplacian 
contour plot of 1,2-DFB depicts the connection with the PES of the 1,2 -DFB .. . Ne  
region of global minimum. One  can also notice the general shape variations in  these 
topological contour plots where the 1,4-DFB has the most outstanding shape with 
an elongated shape that matches the shape of global minimum in the 1,4-DFB . . .  Ne, 
and the shape similarities between the 1,3 -DFB and the global minimum region of 
the 1 ,3-DFB . . .  Ne are matched. 
In the data analysis, the QTAIM electron density properties at the bond 
critical point are also being compared for use as connector to the PES study of weak 
interactions between molecules, which include the 1,3-DFB. . . Ar complex for 
additional comparison involving weakly bound dimer interacting with larger atomic 
size of rare gas (as shown in Table 5.2) .  The basic trends involving dimers with 
neon atom reveal that as the Re distance increases, the number of the Pb and the 
\JZpb decrease. For the dimer involving an Ar atom, the high Pb value corresponds to 
the size of the Ar (which has more electrons than the Ne), which leads to higher 
electron density accumulations. As for the bond ellipticity, the 1,4-DFB. . . Ne indicates 
the highest ellipticity value of 1 54.8 a.u, with 1,2-DFB. . . Ne having the least ellipticity 
value of 0.8942 a.u. This ellipticity at the bond critical point is a measure of the bond 
stability, where increases in the ellipticity at the bond critical point indicate the 
bond can be broken more easily; thus making the bond with extremely large 
ellipticity as that in 1,4-DFB. .. Ne very unstable. 
1 3 7  
Table 5 .1 :  The 2D PES contour plot of the 1 ,2-DFB . . .  Ne, 1 ,3-DFB . . .  Ne, and 1,4-
DFB . . .  Ne relative energies (in cm-1) were obtained from the MP2/6-3 1 1  ++G(2d,2p) 
ab initio calculations. The QTAIM based calculations deliver the topological 
parameter of the Laplacian, '\/2pb of the electron density at BCPs (in a.u) for 1 ,2-DFB, 
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Table 5.2 : Structural parameters at the bond critical points (BCPs) (in a.u) based on 
QTAIM calculations; Pb is the electron density at BCP; 'l2pb is the Laplacian of the 
electron density at BCP; E is the ellipticity of the electron density at BCP; RCP is the 
number of ring critical points present in the complex. Re values (the equilibrium 
bond distance of the rare gas perpendicular to the DFB) are obtained from the 
MP2/6-3 1 1  ++G(2d,2p) ab initio calculations. 
Compounds 
1,2-DFB . . .  Ne  









1,4-DFB . . .  Ne  
� 
" 








3 . 323  
3 .477 
3 .586 
3 .691  
Pb/10-2 V2pb/10-2 E 
RCP 
(a.u) (a.u) (a.u) 
1 0 .3 595 1 .645 0.8942 
1 0 .2770 1 .343 1 .747 
5 0 .22 74 1 .185  154.8 
2 0.4023  1 .459 4.077  
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5.3 IR Analysis of 1,1-Dichloroethylene 
An a-type band at 796.02 cm·l was analyzed and a total of 1601  
rovibrational transitions with an  RMS value of  0.0044 7 cm-1  have been assigned to 
the parent (H2C=C
35Cl35Cl) molecule. However, the isotopic molecule of 
H2C=C
35Ci37 Cl was unable to be assigned due to wrong assignments (refer to Table 
5.3 and Chapter 4) . 
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Table 5.3 : Fitted spectroscopic constants for H2C=c3scpsc1 and H2C=c3scp1c1 at 
796.02 cm-1 a-type band. 
3S(l3SCl Ground 3S(l3SCl Excited 3S(l37Cl Ground 3S(l37Cl Excited 
State1 (Fixed) State (Fitted) Statei (Fixed) State (Fitted) 
A /  cm-1 0.249075008(1 7) 0 .2487283 5 (3 6) 0 .247640 183 (24) 0 .247 2 0 8 1 (19 1) 
B f  cm-1 0 . 1 1 3 797398 1 (96) 0 . 1 1 3 5 2 87 1 (1 0 2) 0 .  1 107241 17(13 )  0 . 1 1 04564(1 1 6) 
C I  cm-1 0.078023 3934(25)  0 .07780 3 1 0 (38)  0 .076429 6 1 7 (1 0) 0 .07625862 (89) 
!:J.1 / 10-6 cm-1 0 .0 3 0 0 7 6 3 (25)  0 .0 3 0 1 3 2 6 (88) 0 .0285660(  46) 0 .2687(169) 
A/K / 10-6 cm-1 -0.04 13042(73)  -0 .0 3 3 9 6 2 (96) -0 .039812 (15) -1 .802 (143) 
AK / 10-6 cm-1 0 .27 7448 (12)  0 .2080 1 0 (2 8 1) 0 .274903 (3 6) 4.2 54(2 5 5) 
81 / 10-6 cm-1 0.0 1097966(96) 0 .0 109797(47) 0 .0 10 3 2 8 7 (20) 0 . 1554(84) 
8K / 1 0-6 cm-1 0 .060 5 5 3 (1 1) 0 .062 145 (55)  0 .058707(3 6) 3 .244(48) 
AE / cm·1 796.0 1 9 1 2 8 (5 6) 794. 10604(5 5)  
N 160 1 53  
AVrms/ cm-1 0.000447 0 .00 1919  
5.4 Future Work 
An extension to the work in Chapter 2 (PES analysis) and Chapter 3 (QT AIM 
analysis) can be applied to the weakly bound complex of the 1,3-DFB .. . Ar in order to 
provide a complete set of dimers with rare gas adducts for better comparison. In 
addition to the wrong far-IR assignment in the isotopic molecule, one could try to 
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redo the whole process from the initial step of predicting and scale the excited state 
rotational constants using Equation 4.2, or use the percent errors from the 
H2C=C
35Ci35Cl scaling to adjust the isotopic molecule's scaled values to improve the 
prediction of the spectrum. 
Reference 
1 Z. Kisiel, L. Pszcz6lkowski. The High-Frequency Rotational Spectrum of 1, 1 -
Dichloroethylene. Z. Naturforsch. 1995, SOa, 34 7 -3 5 1 .  
142 
Appendix A: Data points used to construct the PES graphs for 1,2 -DFB . . .  Ne, 1,3-
DFB . . .  Ne, and 1,4-DFB . . .  Ne 
1 .  1 ,2-DFB . . .  Ne 
2 .  1,3 -DFB . . .  Ne 





Table 1 :  1,2-DFB . . .  Ne Relative Relative Bl (A) B3 CA) B2 cA> Energy Bl (A) B3 CA) B2 CA) Energy 
rem-') Ccm-1) 
Relative Relative 
Bl CA) B3 CA) B2 CA) Energy Bl (A) B3 CA) B2 cA> Energy 4.0 0 1  3 . 5 0 1  1 .100 177.77445 2 . 5 0 1  0 . 0 0 1  2.9 1 1  4.38949 
(cm-1) (cm-1) 4.0 0 1  3 .001 1.963 186.55 344 2 .001 5 .001 2 .068 139.9 1508 
5 . 0 0 1  5 . 0 0 1  2 . 0 6 5  146.49 9 3 2  3 . 5 0 1  1. 5 0 1  2.848 1 2 2. 9 0 5 7 9  4.0 0 1  2 . 5 0 1  2 . 3 3 8  177.77445 2.001 4.5 0 1  1.884 14 1.56114 
5 . 0 0 1  4 . 5 0 1  1 . 7 5 5  145.9 5 0 6 3  3 .501 1.0 0 1  2 .813 107.542 5 7  4 . 0 0 1  2 . 0 0 1  2 . 5 3 8  1 64.60 5 9 7  2 . 0 0 1  4.0 0 1  1.544 138.26902 
5.0 0 1  4 .001 1 .343 147.04800 3.501 0 . 5 0 1  2.691 8 5 . 5 9 5 1 1  4.0 0 1  1 .501 2.62 1 1 5 3 . 6 3 2 2 4  2 .001 3 . 5 0 1  2 .2 2 3  13 1.68478 
5 . 0 0 1  3 . 5 0 1  0. 0 2 1  144.8 5 3 2 6  3.5 0 1  0.0 0 1  2.599 72.42663 4.0 0 1  1.001 2 .588 140.46 3 7 6  2 . 0 0 1  3 .001 2 .600 11 1.9 3 2 0 6  
5 . 0 0 1  3 . 0 0 1  0 . 0 1 1  149.2 4 2 7 5  3 . 0 0 1  5 .001 2 .066 169.54415 4.0 0 1  0 . 5 0 1  2 .456 122.90579 2 . 0 0 1  2 . 5 0 1  2 . 8 2 5  85. 5 9 5 1 1  
5 . 0 0 1  2 . 5 0 1  0 . 0 3 1  140.46 376 3 .001 4. 5 0 1  1.706 170.09284 4.001 0.001 2 .362 109.73 7 3 1  2 . 0 0 1  2 . 0 0 1  2.968 57.06340 
5 . 0 0 1  2 . 0 0 1  0 .934 171.19021 3.001 4.001 1.277 168.99547 3.501 5 .001 2 .065 193.87182 2 .001 1.5 0 1  3 . 0 5 7  30.72645 
5 . 0 0 1  1 . 5 0 1  1. 3 5 3  177.77445 3.001 3 . 5 0 1  2 . 1 3 6  1 7 1 . 1 9 0 2 1  3 . 5 0 1  4 . 5 0 1  1.783 189.969 2 0  2 . 0 0 1  1.0 0 1  3 .097 13. 16848 
5 . 0 0 1  1 . 0 0 1  1 . 3 5 3  173 .38496 3.001 3 . 0 0 1  2 . 5 5 4  1 5 5.82699 3 . 5 0 1  4.001 1.383 197.77445 2.001 0 .5 0 1  3 . 1 0 3  2.19475 
5 . 0 0 1  0 . 5 0 1  1 . 0 8 5  1 5 5 .82699 3.001 2.501 2.790 1 3 6.07427 3 .501 3 . 5 0 1  1.849 182.16394 2.001 0.001 3 .105 0.00000 
5 . 0 0 1  0 . 0 0 1  0.783 140.46376 3 .001 2 .001 2 .919 1 1 1. 9 3 2 0 6  3 . 5 0 1  3 . 0 0 1  2 . 3 5 6  173 .38496 1.5 0 1  5 . 0 0 1  2 . 0 6 0  141.5 6114 
4.5 0 1  5 . 0 0 1  2 . 0 6 5  178.3 2 3 14 3.001 1 . 5 0 1  2.969 87.78985 3 . 5 0 1  2 . 5 0 1  2 . 6 3 5  158.02173 1 . 5 0 1  4 .501 2 .059 147.04800 
4. 5 0 1  4 . 5 0 1  1 . 7 6 4  178.87182 3.001 1.0 0 1  2 .936 68. 0 3 7 14 3 . 5 0 1  2 . 0 0 1  2.785 140.46376 1 . 5 0 1  4.001 1.816 136.07427 
4.5 0 1  4 . 0 0 1  1 .3 5 7  177.77445 3.001 0 . 5 0 1  2.82 3 46.08967 1. 5 0 1  3 . 5 0 1  2 . 3 0 3  1 2 0 . 7 1 1 0 5  0 . 0 0 1  4.0 0 1  2 . 3 9 0  15 1.43 749 
4.5 0 1  3 . 5 0 1  0.888 179.96920 3.001 0.001 2.744 30.72645 1 . 5 0 1  3 .001 2 .632 98.76 3 5 8  0 . 0 0 1  3 . 5 0 1  2.748 12 9.49 003 
4.5 0 1  3 . 0 0 1  0 . 0 1 1  175.57970 2 .501 5 .001 2.064 1 5 7.87103 1 . 5 0 1  2 . 5 0 1  2.860 74.62 1 3 7  0 .001 3 .001 2 .999 105.34782 
4.5 0 1  2 . 5 0 1  1.764 184.35869 2 .501 4 . 5 0 1  1.860 159.91508 1 . 5 0 1  2 .001 3 .021 5 0.479 16 0 .001 2 .501 3 .176 89.98460 
4. 5 0 1  2 . 0 0 1  2 . 0 8 7  182.16394 2.501 4.0 0 1  1.489 1 5 5.82699 1.501 1.501 3 . 1 3 6  2 8 . 5 3 1 7 0  0 .001 2 .001 3 . 2 9 7  83.40036 
4.5 0 1  1 . 5 0 1  2 .2 1 7  175 .57970 2 .501 3 . 5 0 1  2 . 2 3 2  1 5 1.43749 1.5 0 1  1.001 3 .206 1 3 . 16848 0 .001 1.5 0 1  3.364 74.6 2 1 3 7  
4.5 0 1  1 . 0 0 1  2 .188 164.60 5 9 7  2 .501 3 .001 2 .622 1 3 3.87952 1 . 5 0 1  0 .501 3 .239 2 .19475 0 .001 1 .001 3 .372 61.45290 
4 .501 0 .501 2 .031 149.24275 2 .501 2 . 5 0 1  2.846 109.73732 1.5 0 1  0.001 3.248 0.00000 0.001 0 . 5 0 1  3.3 2 7  41.70018 
4.5 0 1  0 . 0 0 1  1 . 9 2 0  138.26902 2 .501 2 .001 2 .970 81.2 0 5 6 1  1.001 5 .001 2 .077 147.04800 0.001 0.001 3 .293 30.72645 
4.0 0 1  5 . 0 0 1  2 .066 185.2 744 5 2 .501 1 .501 3 .025 54.86866 1.0 0 1  4 .501 1 .476 149.24275 0 . 5 0 1  4.5 0 1  0.0 0 1  118.5 1630 
4.0 0 1  4 . 5 0 1  1 . 7 4 5  182.77445 2 .501 1 .001 3.010 3 2 .9 2 1 19 1.0 0 1  4.001 2 . 1 2 5  144.8 5 3 2 6  0 . 5 0 1  4.0 0 1  2 . 3 3 9  1 5 5 .82699 
4.0 0 1  4 . 0 0 1  1.3 3 0  187.77445 2 .501 0 . 5 0 1  2.945 1 3 . 1 6848 
Relative Relative Relative Relative 
Bl (A) B3 (A) B2 (A) Energy Bl (A) B3 (A) B2 (A) Energy Bl (A) B3 (A) B2 (A) Energy Bl (A) B3 (A) B2 (A) Energy 
(cm-1) (cm-') rcm-11 fcm-t) 
1.0 0 1  3 . 5 0 1  2 . 5 1 6  12 5.10054 0 .501 3 . 5 0 1  2 .716 138.26902 0 .001 1 .501 3 .364 74.62 1 3 7  1 .501 0 . 5 0 1  3 . 3 9 8  109.7 3 7 3 1  
1.0 0 1  3 . 0 0 1  2 . 7 9 9  100.9 5 8 3 3  0 .501 3 .001 2 .977 1 16.3 2 1 5 5  0 .001 1.001 3.371 6 1.45 2 9 0  1.5 0 1  0.001 3 .406 109.7 3 7 3 1  
1.0 0 1  2 . 5 0 1  3 . 0 0 6  79.0 1087 0.501 2 . 5 0 1  3 . 1 5 9  1 0 3 . 1 5 308 0.0 0 1  0 .501 3 . 3 2 6  3 9 . 5 0 5 4 3  2 . 0 0 1  4 . 5 0 1  0 . 0 0 1  103.15308 
1.0 0 1  2 . 0 0 1  3 . 1 5 2  61.4 5 2 9 0  0 .501 2 . 0 0 1  3 . 2 8 8  96.5 6884 0 .001 0.001 3 .292 30 .72645 2 . 0 0 1  4 . 0 0 1  0 .001 107.542 5 7  
1.0 0 1  1 . 5 0 1  3 . 2 4 7  43.89493 0 .501 1.5 0 1  3 .370 92 .1 7934 0 .001 4.501 1.8 3 7  1 58.0 2 1 7 3  2 . 0 0 1  3 . 5 0 1  1.8 3 5  147.04800 
1.0 0 1  1 . 0 0 1  3 . 2 9 5  24.14 2 2 1  0 .501 1.0 0 1  3 .395 83.4 0 0 3 6  2 . 0 0 1  3 . 0 0 1  2.488 149.242 7 5  4.0 0 1  2 .001 1.892 172.72653 
1. 0 0 1  0 . 5 0 1  3 . 3 0 9  8.77899 0. 5 0 1  0. 5 0 1  3.368 70. 2 3 188 2 . 0 0 1  2 . 5 0 1  2.860 136.07427 4.0 0 1  1 .501 2 .092 172.50706 
1.0 0 1  0 . 0 0 1  3 . 3 1 1  2.19475 0 .501 0 .001 3.345 63.64764 2 . 0 0 1  2 .001 3 .072 122 .90579 4.0 0 1  1.0 0 1  2 . 1 3 7  169.43441 
0. 5 0 1  5 . 0 0 1  2 .043 152.5 3487 1.001 4. 5 0 1  0.001 2 1 5. 0 8 5 14 2 . 0 0 1  1 .501 3 . 2 0 2  1 1 1 . 9 3 2 0 6  4.0 0 1  0 . 5 0 1  2.041 162.4 1 1 2 3  
0 . 5 0 1  4 . 5 0 1  1 . 7 6 1  1 5 5 .82699 0.501 4.001 0.001 2 19.47463 2 .001 1.001 3 .280 1 1 1. 9 3 2 0 6  4.00 1  0 .001 1.9 1 2  1 5 5 .82699 
0 . 5 0 1  4.00 1 2 . 3 2 5  149.24275 1 .001 3 . 5 0 1  2 . 5 7 5  147.04800 2.001 0 .501 3 . 3 1 6  1 14.12681 4 .501 4.5 0 1  0 .003 185.45606 
0 . 5 0 1  3 . 5 0 1  2 .686 127.29529 1.001 3 .001 2.884 129.49003 2.001 0.001 3. 3 2 5  1 14.12681 4. 5 0 1  4.0 0 1  0 .003 182.71263 
0 . 5 0 1  3 . 0 0 1  2 . 9 4 6  1 0 3 . 1 5 3 0 8  1 . 0 0 1  2 . 5 0 1  3.095 1 1 6.3 2 1 5 5  2 . 5 0 1  4 .501 0 .001 1 3 1.68478 4 .501 3 . 5 0 1  0 . 0 0 3  179.96920 
0 . 5 0 1  2 . 5 0 1  3 . 1 2 9  8 5 . 5 9 5 1 1  1.001 2.001 3 .245 107.54257 2 .501 4.001 0.001 85.59 5 1 1  4 .501 3 .001 0 .003 144.8 5 3 2 6  
0 . 5 0 1  2 . 0 0 1  3 . 2 5 6  72.42663 1.001 1.501 3.349 1 0 5.34782 2 . 5 0 1  3 . 5 0 1  1.4 5 5  144.8 5 3 2 6  4.5 0 1  2 . 5 0 1  0 . 0 0 3  125.10054 
0 . 5 0 1  1 . 5 0 1  3 . 3 2 8  59.2 5815 1 . 001 1 .001 3.400 100.95833 2 .501 3 .001 2 .258 158.02173 4 .501 2 .001 0.003 144.8 5 3 2 6  
0 . 5 0 1  1 . 0 0 1  3 .346 39.50543 1.001 0.5 0 1  3 .411 96.5 6884 2 . 5 0 1  2 . 5 0 1  2.689 149.242 7 5  4 .501 1. 5 0 1  0.003 184.3 5869 
0 . 5 0 1  0 . 5 0 1  3 . 3 2 3  19.7 5 2 7 2  1.001 0.0 0 1  3.406 94.37409 2 . 5 0 1  2 . 0 0 1  2 . 9 3 0  1 3 3.879 5 2  4. 5 0 1  1.0 0 1  0.003 186.5 5 344 
0 . 5 0 1  0 . 0 0 1  3 . 3 0 5  10.97373 1 .501 4 . 5 0 1  0 . 0 0 1  1 1 6. 3 2 1 5 5  2 . 5 0 1  1 . 5 0 1  3 .065 1 2 0 . 7 1 1 0 5  4.5 0 1  0 . 5 0 1  0 . 0 0 3  136.07427 
0.0 0 1  5 . 0 0 1  2 . 1 1 1  154.72961 1 .501 4.0 0 1  0.001 1 1 5.88260 2 . 5 0 1  1 . 0 0 1  3.144 1 18 . 5 1 6 3 0  4. 5 0 1  0 .001 0 .003 154.72961 
0.0 0 1  4 . 5 0 1  1.8 3 3  158.0 2 1 7 3  1.501 3.501 2.289 149.24275 2.501 0.501 3 .174 1 2 0 . 7 1 1 0 5  0 . 0 0 1  5 . 0 0 1  2 . 1 1 3  154.72961 
0 . 0 0 1  4 . 0 0 1  2 . 3 8 8  15 1.43749 1 .501 3 .001 2.718 140.46376 2 . 5 0 1  0.001 3 .180 1 2 0 . 7 1 1 0 5  0 .501 5 .001 0 .001 114.12681 
0.0 0 1  3 . 5 0 1  2 . 7 4 7  129.49003 1 .501 2 .501 2.993 1 2 7 . 2 9 5 2 9  3 .001 4 .501 0 .001 162 .4 1 1 2 3  1.001 5 .001 0 .001 111.9 3 2 0 6  
0.0 0 1  3 . 0 0 1  2 . 9 9 8  105.34782 1.501 2.001 3.172 1 1 6.3 2 1 5 5  3 .001 4.001 0 .001 1 16. 3 2 1 5 5  1. 5 0 1  5 . 0 0 1  0 . 0 0 1  129.49003 
0.0 0 1  2 . 5 0 1  3 . 1 7 6  89.98460 1 .501 1.5 0 1  3.294 109.7 3 7 3 1  3 .001 3 .501 0.9 6 1  144.8 5 3 2 6  2 . 0 0 1  5 . 0 0 1  0 . 0 0 1  153.63224 
0.0 0 1  2 . 0 0 1  3 . 2 9 7  83.40036 1 .501 1.00 1  3 .367 109. 7 3 7 3 1  3 . 0 0 1  3 . 0 0 1  1.994 166.80 072 2 . 5 0 1  5 . 0 0 1  0.0 0 1  182.16394 
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Relative Relative 
Bl (A} B3 CA} ez CA} Energy Bl (A} 83 CA} BZ (A} Energy 
(cm-') Ccm-t) 
3 . 0 0 1  2 . 5 0 1  2.4 5 5  162.4 1 1 2 3  3 . 0 0 1  5 . 0 0 1  0.001 2 08.50090 
3 .001 2 .001 2 .714 149.24275 3 .501 5 .001 0 .001 2 3 2.64 3 1 1  
3 . 0 0 1  1 . 5 0 1  2.868 140.46 376 4.001 5.001 0.003 189.84 5 5 5  
3 . 0 0 1  1 . 0 0 1  2 . 9 4 6  13 6.07427 4.501 5.001 0.003 2 1 1.24433 
3 .001 0 . 5 0 1  2 . 9 7 2  136.07427 
3 . 0 0 1  0 . 0 0 1  2.969 136.07427 
3 . 5 0 1  4 . 5 0 1  0. 0 0 1  193.13767 
3 . 5 0 1  4 . 0 0 1  0.0 0 1  149.24275 
3 . 5 0 1  3 . 5 0 1  0.9 2 7  142.6 5 8 5 1  
3 . 5 0 1  3 . 0 0 1  1.8 5 3  13 6.074 2 7  
3 . 5 0 1  2 . 5 0 1  1.462 144.6 3 3 78 
3 . 5 0 1  2 . 0 0 1  2 . 3 9 8  166.80072 
3 . 5 0 1  1 . 5 0 1  2 .5 18 1 5 6.48 541 
3 . 5 0 1  1 . 0 0 1  2 .638 158.0 2 1 7 3  
3 . 5 0 1  0 . 5 0 1  2 . 6 2 9  1 5 5 .82699 
3 . 5 0 1  0 . 0 0 1  2 .606 15 3.63224 
4 . 0 0 1  4. 5 0 1  0 .003 177.77445 
4.0 0 1  4 . 0 0 1  0 .003 165.9 7 769 
4 . 0 0 1  3 . 5 0 1  0.4 6 5  1 6 1 . 3 1 3 8 5  
4 . 0 0 1  3 . 0 0 1  0 . 9 2 8  140.46376 
4.0 0 1  2 . 5 0 1  1.464 166.80072 
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Table 2 :  1,3-DFB . . .  Ne Relative Relative 81 cAJ 83 CAJ 82 cAJ Energy 81 cAJ 83 cAJ 82 CA) Energy 
[cm·11 (cm·1) 
Relative Relative 
81 cAJ 83 cAJ 82 cAJ Energy 81 CA) 83 CAJ 82 cAJ Energy 3.001 1 .001 2.963 5 7.06340 3.001 3.001 2.576 129.49 003 
fcm·'l (cm·1l 0.5 0 1  1 .001 3.399 5 7.06340 2.001 3.001 2.625 83.40 0 3 6  
0 . 5 0 1  0 . 5 0 1  3 . 3 4 2  0.00000 3.001 2.001 2.9 3 2  87.78985 1.0 0 1  1 .001 3 .391 59 .25815 1 .001 3 . 5 0 1  2.484 87.78985 
1 . 5 0 1  1 .00 1 3 . 2 3 2  2 .19475 0 .501 3 . 5 0 1  2 .650 89.98460 1.5 0 1  1.001 3.347 59 .25815 1 . 5 0 1  3 . 5 0 1  2 .293 87.78985 
2 . 0 0 1  1 . 0 0 1  3 . 1 2 9  4.38949 3 .501 0 .501 2 .533 89.98460 2 .001 1.001 3.257 59 .25815 2 .001 3 . 5 0 1  2 . 2 6 0  100.9 5 8 3 3  
0. 5 0 1  1.00 1 3 . 3 5 0  6.58424 3.501 1 . 0 0 1  2.840 94. 3 7409 0 .501 3 .001 2.9 1 5  65.84239 3 . 5 0 1  3 . 5 0 1  1.887 155 .82699 
1 . 0 0 1  1 . 0 0 1  3 . 3 1 3  6.58424 3.001 1 . 5 0 1  2.838 96.5 6884 1 .001 3 .001 2.778 65.84239 4.0 0 1  3 . 5 0 1  1.184 153.63224 
1 . 5 0 1  1 . 5 0 1  3 . 1 4 9  8.77899 1 .501 4 .0 0 1  1.770 98.76358 1 . 5 0 1  3 . 0 0 1  2 . 6 3 8  68.0 3714 2.0 0 1  4.0 0 1  0.000 265.56430 
1 . 5 0 1  0 . 5 0 1  3 . 2 8 9  8.77899 3 .501 1 .501 2.860 1 0 3 . 1 5 3 0 8  3 . 0 0 1  1 . 5 0 1  2 . 9 8 1  7 0 . 2 3 1 8 8  0. 5 0 1  4.5 0 1  1.695 118. 5 1 6 3 0  
2 . 0 0 1  0 . 5 0 1  3 . 1 7 4  10.9 7 3 7 3  4.501 0 . 5 0 1  1 . 2 5 0  1 0 3 . 1 5 3 0 8  2 . 0 0 1  1 . 5 0 1  3 .191 72.42663 4. 5 0 1  0.5 0 1  1 . 2 5 0  1 0 3 . 1 5 3 0 8  
2 .0 0 1  1 . 5 0 1  3 . 0 7 3  13.16848 3 .501 1 .001 2 .562 10 5.34782 1 . 5 0 1  1 . 5 0 1  3 . 2 8 7  72.42663 4.0 0 1  1 .501 2 .055 129.49003 
1.0 0 1  1 . 5 0 1  3. 2 5 1  1 5 . 3 6 3 2 2  4.001 0 . 5 0 1  2 . 0 7 2  1 0 5.34782 3.001 0.501 2.867 72.42663 4.001 0 .501 2 .072 105.34782 
0 . 5 0 1  1 . 5 0 1  3 . 3 1 9  19.7 5 2 7 2  1.001 4.0 0 1  2 .076 107.54257 2 . 5 0 1  1 . 5 0 1  3.049 79.01087 3 . 5 0 1  2 . 5 0 1  2.067 133.87952 
2 . 5 0 1  1 . 0 0 1  3 .041 2 1 .94746 2.501 3 . 0 0 1  2.646 107.54257 2 .501 2 . 5 0 1  2.865 83.400 3 6  3 . 5 0 1  1 .501 2 .525 116.3 2 1 5 5  
1 . 5 0 1  2 . 0 0 1  3 . 0 2 9  24.14 2 2 1  1.001 4. 5 0 1  1 .373 109.7 3 7 3 1  3 . 0 0 1  1 .001 2.89 1 8 5 . 5 9 5 1 1  3 . 5 0 1  1 . 0 0 1  2 .562 105.34782 
1 . 0 0 1  2 . 0 0 1  3 .146 28.5 3 1 7 0  0 .501 4.0 0 1  2 .281 109.7 3 7 3 1  3 . 5 0 1  0 .501 2 .5 3 3  89.98460 1.0 0 1  1.0 0 1  3 .391 59.2 5 8 1 5  
0 . 5 0 1  0 . 5 0 1  3 . 3 6 5  30.72645 3.001 2 . 5 0 1  2.809 109.7 3 7 3 1  3 .001 2 .501 2 .436 127 .29529 1.0 0 1  0 . 5 0 1  3.388 37.31069 
0 . 5 0 1  2 . 0 0 1  3 . 2 4 0  32 .9 2 1 1 9  4.001 0.50 1 2.487 1 1 6.3 2 1 5 5  3 .001 2 .001 2 .695 1 1 1.9 3 2 0 6  0 . 5 0 1  3 .001 2 .990 92.17934 
2 .001 2 . 0 0 1  2.984 3 2 .9 2 1 1 9  3 . 5 0 1  1 . 5 0 1  2 . 5 2 5  1 1 6.3 2 1 5 5  3 .001 1 . 5 0 1  2 . 8 3 8  96.56884 0 . 5 0 1  2 . 5 0 1  3 .171 81.2 0 5 6 1  
1 . 0 0 1  0 . 5 0 1  3 . 3 8 8  37.31069 3 .501 2 . 0 0 1  2.80 1 1 18.51630 3 .001 1 .001 2.89 1 85.59 5 1 1  0 . 5 0 1  2 . 0 0 1  3 .303 76.8 1 6 1 2  
1 . 5 0 1  0 . 5 0 1  3 . 3 5 9  4 1 . 7 0 0 1 8  1.0 0 1  0 . 5 0 1  3.342 6.58424 3 .001 0 .501 2 .867 72.42663 0.5 0 1  1.0 0 1  3.399 57.06340 
1 .5 0 1  2 . 5 0 1  2 .865 43.89493 2 .501 0 .501 3 .025 2 4. 1 4 2 2 1  2 . 5 0 1  3 . 0 0 1  2.246 1 2 5.10054 0 . 5 0 1  0 .501 3 .365 30.72645 
1.0 0 1  2 . 5 0 1  2 . 9 9 2  46.08967 3.001 0 . 5 0 1  2.884 50.47916 2.501 1 .501 3 .049 79.01087 3.501 2 .001 2.367 127.2 9 5 2 9  
2 . 0 0 1  0 . 5 0 1  3 . 2 6 7  46.08967 3 .501 0 .501 2 .731 85 .595 1 1  2 .001 2 . 5 0 1  2.860 105.34782 2 . 5 0 1  2 .001 2 .916 98.76358 
0 . 5 0 1  2 . 5 0 1  3 . 1 0 8  48.28442 2 .501 1 . 5 0 1  3.038 3 5 . 1 1 5 9 4  2 .001 2 .001 3 .067 89.98460 2 . 5 0 1  2 . 5 0 1  2.681 116.3 2 1 5 5  
2 . 0 0 1  2 . 5 0 1  2.845 57.06340 4.0 0 1  1 . 5 0 1  2.947 1 3 1.68478 2 .001 1 .501 3 .191 72.42663 3 . 5 0 1  3 .001 1.489 129.49003 
2 . 5 0 1  2 .00 1 2.984 57.06340 3.501 3.001 2.381 147.04800 
Relative Relative Relative Relative 
81 CAJ 83 cAJ 82 cAJ Energy 81 cAJ 83 cAJ 82 cAJ Energy 81 CAJ 83 CAJ 82 cAJ Energy 81 CAJ 83 cAJ 82 cAJ Energy 
rcm·1l rcm·1l rcm·11 rcm·11 
2 . 0 0 1  1 . 0 0 1  3 .2 5 7  59.2 5815 3.0 0 1  3 . 0 0 1  1.969 1 3 1.68478 1.5 0 1  0 .501 3 . 3 5 9  41 .70018 4.00 1  1 .001 2.083 118.51630 
2 . 0 0 1  0 . 5 0 1  3 . 2 6 7  46.08967 2 .001 3 .001 2.493 1 1 8 . 5 1 6 3 0  1 . 0 0 1  2 . 5 0 1  3 .103 87.78985 2 . 5 0 1  1 . 0 0 1  3 . 1 1 0  68.0 3714 
1 .5 0 1  2 . 5 0 1  2 .998 96.5 6884 1.5 0 1  3 . 0 0 1  2 .727 1 1 1. 9 3 2 0 6  1.001 2 .001 3 .252 81.2 0 5 6 1  0. 5 0 1  1 .501 3 .385 72.42663 
1 . 5 0 1  2 . 0 0 1  3 . 1 7 3  83.40036 1 .001 3 .001 2 .895 1 0 3 . 1 5 3 08 1 .001 1 .001 3 .391 59.2 5 8 1 5  1.0 0 1  1 . 5 0 1  3 . 3 5 2  72.42663 
1 . 5 0 1  1 . 5 0 1  3 . 2 8 7  72.42663 2 . 5 0 1  0 . 5 0 1  3 .105 5 7.06340 
1 .5 0 1  1 . 0 0 1  3 .347 59.25815 4.5 0 1  1 .001 1 . 2 5 0  1 1 1. 9 3 2 0 6  
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Table 3 :  1,4-DFB . . .  Ne Relative Relative 81 cAJ 83 cAJ 82 cAJ Energy 81 CAJ 83 cAJ 82 CAJ Energy 
fcm-ll rcm-1l 
Relative Relative 
81 cAJ 83 cAJ 82 CAJ Energy 81 cAJ 83 cAJ 82 CAJ Energy 3 . 5 0 1  1.001 2 .627 109.73 7 3 2  2 . 7 5 1  1.7 5 1  2.876 83.40036 
rcm-1) rcm-t) 3 . 5 0 1  0 .751 2 .625 108.63994 2 . 7 5 1  1 . 5 0 1  2.946 79.01087 
4.0 0 1  3 . 5 0 1  1 .547 109.7 3 7 3 2  3.2 5 1  0 .501 2 .807 98.7 6 3 5 8  3 . 5 0 1  0 . 5 0 1  2 . 6 2 2  107.54 2 5 7  2 . 7 5 1  1.2 5 1  2.996 79.0 1087 
4.0 0 1  3 . 2 5 1  1 .560 119.61367 3.2 5 1  0.2 5 1  2.803 98.7 6 3 5 8  3 . 5 0 1  0.2 5 1  2 . 6 1 0  107.54 2 5 7  2 . 7 5 1  1.0 0 1  3 .031 79.01087 
4.0 0 1  3 . 0 0 1  1 . 5 3 4  129.49003 3.2 5 1  0.001 2.799 98. 7 6 3 5 8  3 . 5 0 1  0.001 2.597 107.542 5 7  2 . 7 5 1  0 . 7 5 1  3 . 0 5 2  81.20561 
4.0 0 1  2 . 7 5 1 1 .587 1 2 7.29529 3 .001 3 . 5 0 1  1 .126 98.763 5 8  3.2 5 1  3 .501 1.5 5 5  1 14.12681 2 .751 0 . 5 0 1  3.063 81.2 0561 
4.0 0 1  2 . 5 0 1  1.481 1 2 5.10054 3 .001 3 .251 1 .620 107.54 2 5 7  3 . 2 5 1  3.2 5 1  1 .354 109.7 3 7 3 2  2 . 7 5 1  0.2 5 1  3.066 83.40036 
4.0 0 1  2 . 2 5 1  1.692 127.29529 3 .001 3 .001 1.940 1 1 1.93 2 0 6  3.2 5 1  3.001 1 .756 118.51630 2.7 5 1  0 . 0 0 1  3.066 83.40036 
4.00 1  2 . 0 0 1  1.9 0 3  12 9.49003 3 .001 2 .751 2.189 1 1 1. 9 3 2 0 6  3 .2 5 1  2 . 7 5 1  2 .036 1 2 0 . 7 1 1 0 5  2 . 5 0 1  3 . 5 0 1  2 . 1 2 4  94.37409 
4 . 0 0 1  1 . 7 5 1  2 .004 128.39266 3 .001 2 .501 2.389 1 1 1 . 9 3 2 0 6  3 . 2 5 1  2 . 5 0 1  2 . 2 5 0  118.51630 2 . 5 0 1  3 .2 5 1  2 .025 100.95833 
4.0 0 1  1 . 5 0 1  2 . 1 0 6  12 7.29529 3 .001 2 .251 2 .550 105.34782 3.2 5 1  2 . 2 5 1  2 . 4 1 5  116.3 2 1 5 5  2 . 5 0 1  3 . 0 0 1  2 . 2 2 2  85.59 5 1 1  
4.00 1 1.2 5 1  2 . 1 3 3  1 2 6.19791 3 .001 2 .001 2 .675 100.9 5 8 3 3  3.2 5 1  2 .001 2 .542 1 1 1 . 9 3 2 0 6  2 . 5 0 1  2 . 7 5 1  2.420 94.37409 
4 . 0 0 1  1 . 0 0 1  2 . 1 6 0  1 2 5.10054 3 .001 1 . 7 5 1  2 . 7 6 9  94.37409 3.2 5 1  1 .751 2.638 107.54 2 5 7  2 . 5 0 1  2 . 5 0 1  2 . 5 9 3  89.98460 
4 . 0 0 1  0 . 7 5 1  2 . 1 1 9  120 .71105 3 .001 1 .501 2.840 92 .17934 3 .2 5 1  1 .501 2 . 7 1 0  1 0 3 . 1 5 3 0 8  2 . 5 0 1  2 .2 5 1  2.745 85.59511 
4 . 0 0 1  0 . 5 0 1  2 .078 116.3 2 1 5 5  3 .001 1.2 5 1  2.890 89.98460 3 . 2 5 1  1.2 5 1  2.760 100.9 5 8 3 3  2 . 5 0 1  2 . 0 0 1  2.868 79.01087 
4.0 0 1  0 . 2 5 1  2 .099 116.3 2 1 5 5  3 .001 1.0 0 1  2 .937 87.78985 2 . 5 0 1  1.2 5 1  3.084 68.03714 1 .751 2 . 0 0 1  3.041 50.479 16 
4.0 0 1  0 . 0 0 1  2.698 1 1 6 . 3 2 1 5 5  3 . 0 0 1  0 .751 2.942 89.98460 2 . 5 0 1  1.001 3.119 70.23188 1.751 1. 7 5 1  3.134 50.47916 
3 . 5 0 1  3 . 5 0 1  2 . 1 3 1  1 1 1.9 3 2 0 6  3 . 0 0 1  0 .501 2.9 5 0  89.98460 2 . 5 0 1  0 . 7 5 1  3 . 1 4 1  72.42663 1 .751 1 . 5 0 1  3 . 2 0 7  48.28442 
3 . 5 0 1  3 . 2 5 1  2 . 0 3 2  104.25045 3 .001 0.2 5 1  2.9 5 1  92 .17934 2 . 5 0 1  0 . 5 0 1  3 .154 74.62 1 3 7  1.75 1 1.2 5 1  3 .259 50.47916 
3 . 5 0 1  3 . 0 0 1  2 . 2 2 9  96.5 6884 3 .001 0 .001 2 .950 92 .17934 2 .501 0.2 5 1  3 . 1 5 9  76.8 1 6 1 2  1 .751 1 .001 3 .289 52.67391 
3.5 0 1  2 . 7 5 1  1.8 3 6  1 2 5.10054 2.751 3 .501 1.960 1 0 3 . 1 5 3 08 2 . 5 0 1  0.001 3 .160 79.01087 1.75 1 0 . 7 5 1  3.3 18 54.86866 
3 . 5 0 1  2 . 5 0 1  2 .069 1 2 5.10054 2.751 3 .251 1 .829 1 0 3 . 1 5 3 08 2.2 5 1  3 .501 2 .294 93.27672 1.7 5 1  0 . 5 0 1  3.3 3 2  57.06340 
3 . 5 0 1  2 . 2 5 1  2 . 2 4 5  1 2 2.90579 2.751 3.0 0 1  2 .091 1 0 3 . 1 5 3 08 2.2 5 1  3.2 5 1  2 . 2 2 2  96.56884 1.75 1 0.2 5 1  3.340 59.2 5815 
3 . 5 0 1  2 . 0 0 1  2 . 3 7 8  120.71105 2 . 7 5 1  2. 7 5 1  2 . 3 1 2  1 0 3. 1 5 3 08 2 .2 5 1  3.001 2 .366 89.98460 1 .751 0 .001 3 .342 61.45290 
3 . 5 0 1  1 . 7 5 1  2.479 1 1 6 . 3 2 1 5 5  2 . 7 5 1  2 . 5 0 1  2 . 5 0 1  100.9 5 8 3 3  2.2 5 1  2 .751 2 .5 2 1  8 1 . 2 0 5 6 1  1 .501 3 .501 2.648 100.95833 
3 . 5 0 1  1 . 5 0 1  2 . 5 5 2  92.17934 2.751 2 .251 2 .657 96.5 6884 2.2 5 1  2 . 5 0 1  2 . 6 7 5  79.01087 1.501 3.2 5 1  2.698 85.59 5 1 1  
3 . 5 0 1  1 .2 5 1  2 . 6 2 6  100.95833 2.751 2 .001 2.782 89.98460 
Relative Relative Relative Relative 
Bl CAJ B3 (A) B2 (A) Energy Bl CA) B3 (A) B2 cAJ Energy Bl (A) B3 CAJ B2 cAJ Energy Bl (A) B3 cAJ B2 CAJ Energy 
fcm·'l fcm·'l fcm·'l fcm·'l 
2 . 2 5 1  2 . 2 5 1  2 . 8 1 7  74.6 2 1 3 7  1 .501 3 .001 2 .741 70.23188 1.7 5 1  3 .2 5 1  2 . 5 6 6  91.08197 1.2 5 1  0.2 5 1  3.380 43.89493 
2 . 2 5 1  2 . 0 0 1  2 . 9 3 8  70.2 3 188 1.501 2 .7 5 1  2.795 5 7.06340 1.7 5 1  3 .001 2 .629 76.8 1 6 1 2  1.2 5 1  0.001 3.381 43.89493 
2 . 2 5 1  1 . 7 5 1  3 . 0 3 4  65.84 2 3 9  1 . 5 0 1  2 . 5 0 1  2.877 48.28442 1.7 5 1  2 . 7 5 1  2 . 7 1 0  65.84 2 3 9  1 . 0 0 1  3 . 5 0 1  2.847 92.17934 
2 . 2 5 1  1 . 5 0 1  3 . 1 0 5  6 1 .4 5 2 9 0  1 . 5 0 1  2 . 2 5 1  2.979 43.89493 3.2 5 1  1 .001 2 . 7 9 1  100.9 5 8 3 3  2 . 5 0 1  1 .751 2 .963 74.6 2 1 3 7  
2 .2 5 1  1 .2 5 1  3 . 1 5 6  59.2 5 8 1 5  1 . 5 0 1  2 . 0 0 1  3.080 41.70018 3.2 5 1  0 .751 2 .805 99.86096 2 . 5 0 1  1.5 0 1  3.034 70.2 3 188 
2 .2 5 1  1 . 0 0 1  3 . 1 9 2  63 .64764 1 .501 1 .751 3.169 41.70018 1.7 5 1  2 . 5 0 1  2 .817 57.06340 1 .001 3 .2 5 1  2.888 74.62 1 3 7  
2 .2 5 1  0 . 7 5 1  3 . 2 1 5  65.84 2 3 9  1 . 5 0 1  1 . 5 0 1  3.240 41.70018 1.7 5 1  2 . 2 5 1  2.9 3 3  52 .67391 1.001 3 .001 2 .914 57.06340 
2 .2 5 1  0 . 5 0 1  3 . 2 2 8  68.0 3 7 1 4  1 . 5 0 1  1 .2 5 1  3 .292 43.89493 1.001 2.751 2.940 41.70018 0.501 1.2 5 1  3.341 15.36322 
2 .2 5 1  0 .2 5 1  3 .2 3 5  72.42663 1 .501 1 .001 3 . 3 2 7  46.08967 1. 0 0 1  2 . 5 0 1  2.986 30.72645 0 . 5 0 1  1 . 0 0 1  3 . 3 5 9  1 5 . 3 6 3 2 2  
2. 2 5 1  0 . 0 0 1  3 .2 3 7  72.42663 1 .501 0.7 5 1  3.349 48.28442 1.0 0 1  2 . 2 5 1  3.0 5 7  24.14 2 2 1  0. 5 0 1  0 . 7 5 1  3 .361 15.36322 
2 . 0 0 1  3 . 5 0 1  2 . 3 1 8  107.5 4 2 5 7  1.501 0 . 5 0 1  3 . 3 6 1  50.47916 1.0 0 1  2.001 3 .140 2 1.94746 0. 5 0 1  0 . 5 0 1  3.3 5 1  13. 16848 
2 . 0 0 1  3 . 2 5 1  2.4 1 0  95.47146 1 .501 0.2 5 1  3.368 52 .67391 1.0 0 1  1 .751 3 .219 24.142 2 1  0 .501 0.2 5 1  3 .339 10.9 7 3 7 3  
2 . 0 0 1  3 . 0 0 1  2 . 5 0 2  83.40036 1 .501 0 .001 3 .371 54.86866 1.0 0 1  1 .501 3 .283 26.33696 0.501 0 .001 3 . 3 3 3  10.9 7 3 7 3  
2 . 0 0 1  2 . 7 5 1 2 . 6 1 8  74.62 1 3 7  1.2 5 1  3 . 5 0 1  2.762 96.5 6884 1.0 0 1  1 . 2 5 1  3 . 3 3 0  28.5 3 1 7 0  0 . 2 5 1  3 . 5 0 1  2.964 81.2 0 5 6 1  
2 . 0 0 1  2 . 5 0 1  2.749 68.0 3714 1.2 5 1  3 .2 5 1  2.80 5 8 1 . 2 0 5 6 1  1.0 0 1  1.001 3.358 30.72645 0.2 5 1  3.2 5 1  3.006 61.45290 
2 .001 2 . 2 5 1  2 .879 63 .64764 1.2 5 1  3 . 0 0 1  2 . 8 3 6  63.64764 1.0 0 1  0 . 7 5 1  3 . 3 7 2  30.72645 0.2 5 1  3 .001 3 .034 43.89493 
2 . 0 0 1  2 . 0 0 1  2 . 9 9 5  59.2 5 8 1 5  1.2 5 1  2 . 7 5 1  2.873 48.28442 1.0 0 1  0 . 5 0 1  3 . 3 7 6  32.92 1 1 9  0.2 5 1  2 . 7 5 1  3 . 0 5 8  26.33696 
2.0 0 1  1 . 7 5 1  3 . 0 9 0  57.06340 1.2 5 1  2 . 5 0 1  2.934 37.3 1069 1.0 0 1  0.2 5 1  3 .376 32.92 1 1 9  0.2 5 1  2 . 5 0 1  3.089 13.16848 
2 .0 0 1  1 . 5 0 1  3 . 1 6 2  54.86866 1.2 5 1  2 .2 5 1  3 .020 3 2 .9 2 1 1 9  1.0 0 1  0.001 3 .375 32.92119 0.2 5 1  2 .2 5 1  3 . 1 3 5  6.58424 
2 . 0 0 1  1 .2 5 1  3 . 2 1 5  54.86866 1.2 5 1  2 . 0 0 1  3 . 1 1 2  3 2 . 9 2 1 1 9  0 . 7 5 1  3 . 5 0 1  2 . 9 0 6  87.78985 0.2 5 1  2 .001 3.196 4.38949 
2 .0 0 1  1.00 1 3 . 2 5 0  57.06340 1.2 5 1  1.7 5 1  3.189 3 2.59 198 0.7 5 1  3 . 2 5 1  2.947 70.23188 0.2 5 1  1.7 5 1  3.2 5 7  6.58424 
2 . 0 0 1  0 .7 5 1  3 . 2 7 3  61.4 5 2 9 0  1. 2 5 1  1 . 5 0 1  3 .266 32.26277 0.7 5 1  3.001 2 .973 5 0.479 16 0.2 5 1  1.5 0 1  3.308 8.77899 
2 . 0 0 1  0 . 5 0 1  3 . 2 8 7  63.64764 1.2 5 1  1.2 5 1  3 . 3 1 5  37 .31069 0 .751 2 . 7 5 1  2 . 9 9 6  35 .11594 0.2 5 1  1.2 5 1  3 .332 9.87636 
2 . 0 0 1  0. 2 5 1  3 . 296 65 .84239 1. 2 5 1  1.0 0 1  3.348 39.50543 0 .7 5 1  2 . 5 0 1  3.0 3 2  2 1.94746 0.2 5 1  1 .001 3 . 3 5 6  10.9 7 3 7 3  
2 . 0 0 1  0 . 0 0 1  3 . 2 9 7  68.0 3714 1.2 5 1  0 . 7 5 1  3 .366 41.70018 0.751 2 .251 3 .091 15.36322 0.2 5 1  0 .7 5 1  3 .353 8.77899 
1 .7 5 1  3 . 5 0 1  2 . 5 0 2  10 5.34782 1.2 5 1  0 . 5 0 1  3 . 3 7 6  41.70018 0 .7 5 1  2 .001 3 .165 15 .36322 0. 2 5 1  0 . 5 0 1  3 .336 6.58424 
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Relative Relative Relative Relative 
81 cAJ 83 cAJ 82 cAJ Energy 81 CAJ 83 cAJ 82 CA) Energy 
rcm·l) rcm·t} 
81 (A) 83 CAJ 82 CAJ Energy 81 CA) 83 CAJ 82 CA) Energy 
rcm·tl rcm·l) 
0.75 1 1 . 7 5 1  3 . 2 3 6  17.55797 0.2 5 1  0.2 5 1  3 .318 4.38949 0 . 5 0 1  3 . 0 0 1  3 .013 46.08967 0.001 1.501 3.310 6.58424 
0.7 5 1  1 . 5 0 1  3 . 2 9 5  19.7 5 2 72 0. 2 5 1  0.0 0 1  3 .318 4.38949 0 . 5 0 1  2 . 7 5 1  3 .036 28.5 3 1 7 0  0 .001 1.2 5 1  3.343 8.77899 
0.7 5 1  1.2 5 1  3 . 3 3 8  2 1.94746 0.001 3 . 5 0 1  2.967 81.2 0 5 6 1  0 . 5 0 1  2 . 5 0 1  3.067 1 7 . 5 5 7 9 7  0.0 0 1  1.001 3.356 8.77899 
0.7 5 1  1 .00 1 3 . 3 6 1  2 1.94746 0.001 3.2 5 1  3.009 61.4 5 2 9 0  0.5 0 1  2 .2 5 1  3 .119 10.9 7 3 7 3  0.0 0 1  0 .751 3 . 3 5 0  6.58424 
0 .75 1 0 . 7 5 1  3 . 3 6 9  2 1.94746 0.001 3.001 3.039 41.70018 0.501 2.001 3.183 8.77899 0.0 0 1  0 .501 3 . 3 1 5  4.38949 
0 . 7 5 1  0 . 5 0 1  3 . 3 6 7  2 1.94746 0.001 2 . 7 5 1  3.063 26 .33696 0 .501 1 .751 3 .249 10.9 7 3 7 3  0 . 0 0 1  0.2 5 1  3 . 3 1 1  2.19475 
0. 7 5 1  0 .2 5 1  3 . 3 6 1  2 1.94746 0.001 2 . 5 0 1  3.094 13. 16848 0 . 5 0 1  1.5 0 1  3 . 3 0 3  1 3 . 1 6848 0 .001 0.001 3 .303 0.00000 
0.7 5 1  0 . 0 0 1  3 . 3 5 8  2 1.94746 0.001 2 .2 5 1  3.140 6.58424 
0 . 5 0 1  3 . 5 0 1  2 .9 3 5  5 5.96603 0.001 2 .001 3 .199 4.38949 
0 . 5 0 1  3 . 2 5 1  2 .985 65.84239 0 . 001 1.7 5 1  3 .260 6.58424 
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Appendix B :  Bond Critical Points Associated with Each Bond Path for All Weakly Bound Complexes. 
1 .  1, 1 -Difluoroethylene . . .  Ne BCPs Table 1 
2 .  1, 1 -Difluoroethylene . . .  Ne Molecular Graph Figure 1 
3 .  1 ,  1 -Difluoroethylene . . .  Ar BCPs Table 2 
4. 1 ,1 -Difluoroethylene . . .  Ar Molecular Graph Figure 2 
5 .  1 ,2-Difluorobenzene . . .  Ne BCPs Table 3 
6. 1 ,2-Difluorobenzene . . .  Ne Molecular Graph Figure 3 
7 .  1 ,3-Difluorobenzene . . .  Ne BCPs Table 4 
8. 1,3-Difluorobenzene . . .  Ne Molecular Graph Figure 4 
9.  1,4-Difluorobenzene . . .  Ne BCPs Table 5 
10 .  1,4-Difluorobenzene . . .  Ne Molecular Graph Figure 5 
1 1 . 1 ,3-Difluorobenzene . . .  Ar BCPs Table 6 
1 2 .  1 ,3-Difluorobenzene . . .  Ar Molecular Graph Figure 6 
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Table 1 :  1 ,1-Difluoroethylene . . .  Ne 
Atoms Pb (a.u) V2pb (a.u) Ellipticity (a.u) 
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------· 
C l  - C2  0 .349 108 - 1 . 1 16745 0.490624 
C2 - H3 
C2 - H4 
C l - F5 
C l - F6 
C l  - Ne7 
0 .2885 53  




Figure 1 :  1, 1 -Difluoroethylene . . .  Ne 
- 1 .09 1079  
- 1 . 09 1 0 79 
-0 . 1 2 1678 
-0 . 1 2 1678 











0. 1 5 3908 
0 . 1 53908 
0 . 140597 
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Table 2 :  1,1-Difluoroethylene . . .  Ar 
Atoms Ph (a.u) V2ph (a.u) Ellipticity (a.u) 
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------· 
C l  - C2  0 .349039 - 1 . 1 16373  0.489570  
C2 - H3 
C2 - H4 
C l  - F5 
Cl - Ar7 
C l - F6 
0 .28862 1 
0 .288261  
0 .281632  
0 .003467 
0 .281632 
Figure 2 :  1 ,1 -Difluoroethylene . . .  Ar 
- 1 .09 1 650  
- 1 .09 1650  
-0. 1 2 1 697  
+0.0 14925  
-0 . 1 2 1 697  
0 .02 7750  
0 .02 7750  
0 .1 541 1 7  
0.417955  






















Table 3 :  1,2-Difluorobenzene . . .  Ne 
·------�f ?._�---------------------��Q!!!�---------------------------.P..�-(�:�1---------------------------��E!> _ _(��)_ _____________________ �!!!e!!�_!!f._{�:-�L ______ _ 
1 C l  - C2 0 .3206 1 7  -0.949 7 1 1  0 .3268S2 
2 C 2  - C3 0.3 1 7 1 S 7  -0.9 2 8 1 0 1  0 .244897 
3 C 3  - C4 0 . 3 0 5 7 0 3  -0.8S 1 483 0 . 1 86246 
4 C S  - C6 0 . 3 0 5 7 0 3  -0.  8S l 483 0 . 1 8 6 246 
S C4 - CS 0 .308 1 1 8  -0.8649 3 2  0 . 1 8 9 2 48 
6 C l  - C6 0.3 1 7 1 S 7  -0.92 8 1 0 1  0 .244897 
7 C 3  - H 7  0.288302 - l .09 1 3 S 6  0 . 0 1 49 1 7  
8 C S  - H 8  0.289S90 - l .09784S 0 . 0 1 6 2 S O  
9 C 6 - H9 0.288302 - l . 0 9 1 3 S 6  0.0 149 1 7  
1 0  C l  - F l O  0 .261 1 3 1  -0.008382 0 .0078S6 
11  C 6 - Nell 0.003 S 9 S  +0.0 1 6447 0.8942 3 0  
1 2  C 2  - F l 2  0 .261 1 3 1  -0.008382 0 .0078S6 
----------�-�----------------------f±_:_!'!_��-------------------------Q,��-?-�-�Q __________________________ :.!:.�92.?.!!±? ___________________________ Q,Qgi_?_�Q _____________ _ 
Figure 3 :  1 ,2 -Difluorobenzene . . .  Ne 
It: I G' 
1 5 5  
Table 4: 1,3-Difluorobenzene .. .  Ne 
___________ l}_<;:_l_"_�---------------------�!�!!!�------------------------..e.�_(�:�l---------------------------��E.!>_l�:�L ___________________ !';.!!!P-!!£!9'._(�_·_i!l ________ _ 
1 C l  - C2 0 . 3 1 6 3 0 9  -0 .919808 0 .249 7 2 3  
2 C2 - C3 0 . 3 1 6 3 0 9  -0.9 19808 0 . 2 49 7 2 3  
3 C 3  - C4 0 . 3 1 7 3 6 S  -0 .9 3 0 0 3 8  0 . 2 4 1 44 1  
4 C S  - C 6  0 .306 2 S 9  -0.8S 3 1 2 1  0 . 1 88908 
S C 4 - C S  0 .3062S9 -0.8S 3 1 2 1  0 . 1 88908 
6 C l  - C 6  0 . 3 1 7 3 6 S  -0.9 3 0 0 3 8  0 .241441 
7 C 2  - H 7  0 .287797 - 1 . 09 1 2 1 2  0 . 0 1 6899 
8 C S  - HS 0.2899 S 7  - 1 . 1 0 1 3 S 9  0.0 1 3 S08 
9 C 6  - H9 0 .288602 -1 .093003 0 .01 764S 
1 0  C l  - HlO 0.2S6943 -0 .034224 0 .036279 
11  C 2  - Ne l l  0.002 7 7 0  + 0 . 0 1 3429 1 .7470S8 
12 C 3  - F l 2  0.2S6943 -0 .034224 0 .036279 
____________ }} _______________________ <;:�_:;-_ _1:1_!_�-----------------------Q}.?_?_�_Q�--------------------------}_,Q_��QQ.?___ ________________________ Q,Q�_?_�-��-------------· 
� 
Figure 4: 1 ,3 -Difluorobenzene . . .  Ne 
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Table 5 :  1,4-Difluorobenzene . . .  Ne 
-------�f�-�---------------------�!!!!!!�----------------------------..e�-(�:�L-------------------------��P.!> _ _(���)_ _____________________ �!!!P..!!�_!!Y.l�:-�l _______ _ 
1 C l  - C2 0 . 3 1 7 S 3 9  -0 .928742 0.2443 7 3  
2 C 2  - C3 0.304969 -0 .8454S2 0 . 1 9 0 7 3 6  
3 C 3  - C4 0 . 3 1 7 S 3 9  - 0 . 9 2 8 7 4 2  0 .2443 7 3  
4 C4 - CS 0 . 3 1 7 S 3 6  -0 .928742 0 .244 3 7 0  
S C l  - C6 0 . 3 1 7 S 3 6  -0 .928742 0.2443 7 0  
6 C S  - C6 0 .3 049 7 1  -0.84546 6  0 . 1 9 0 7 3 9  
7 C 2  - H 7  0.288877 -1 .09589 S  0 . 0 1 S 4 7 3  
8 C 3  - H 8  0.288877 - 1 .095895 0.0 1 S4 7 3  
9 C S  - H 9  0.288879 - 1 . 0 9 S 9 1 2  0 . 0 1 S 4 7 3  
1 0  C 6  - H l O  0.288879 - 1 . 0 9 S 9 1 2  0 . 0 1 S 4 7 3  
1 1  C l  - F l l  0.2 553 7 1  -0 .02 999 1 0 .026618 
1 2  C4 - F 1 2  0.2 553 7 1  -0.02999 1 0 .026618 
1 3  C 2  - N e 1 3  0 .002 2 7 3  + 0 . 0 1 1849 1 39 .714407 
1 4  C 3  - N e 1 3  0 .002273 + 0 . 0 1 1849 1 3 9 .714360 
l S  C S  - N e 1 3  0.002 2 7 4  +0.0 1 1 8 5 0  1 54.8 1 5 084 
1 6  C 6  - Ne13 0.002 2 7 4  +0.0 1 1 8 5 0  1 54.8 1 5 0 9 1  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------· 
Figure 5 :  1,4-Difluorobenzene . . .  Ne 
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Table 6: 1,3-Difluorobenzene . . .  Ar 
-------�f�-�---------------------�!�!!1.�----------------------------..e.�_c._.:_�1---------------------------��f!.!>_l�:�L ___________________ �!!!P-!!£!9'._(._.:_�1 ________ _ 
1 C l  - C2 0 .30624S -0 .8S 3 0 0 1  0 .188762 
2 C2 - C3 0. 3 1 7 3 S O  -0 .929928 0 .2 4 1 2 3 2  
3 C 3  - C4 0 .3 16268 -0 .9 1 9 S 4 1  0 .249462 
4 C 4 - C S  0.316263 -0.9 1 9 S 0 2  0 .2494S9 
S C l  - C6 0 .306241 -0.8S 2 9 7 8  0 .188761 
6 C S - C6 0 .3 1 7 3 S l  -0.9 2 9 9 3 4  0 . 2 4 1 2 4 2  
7 C l  - H 7  0.289908 - 1 . 1 0 1 0 0 1  0.0 1 3 S48 
8 C 2  - H8 0.288 S S 3  - 1 . 0 9 2 6 7 3  0 . 0 1 7 6 2 8  
9 C 4  - H 9  0.287749 - 1 .090890 0 . 0 1 6864 
1 0  C 6 - HlO 0.288 S S 4  - 1 .0 9 2 6 7 6  0 . 0 1 7 6 2 9  
1 1  C S  - F l l  0 . 2 S 7 0 2 8  -0.0 3 4 1 8 2  0 .036062 
1 2  C 3  - F 1 2  0.2 S 7 0 1 6  -0.0 3 4 2 9 7  0 .036071 
1 3  C4 - Ar1 3 0.0040 2 3  +0 .014S8S 4.0 7 7 0 0 4  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------· 
� 
Figure 6 :  1 ,3 -Difluorobenzene . . .  Ar 
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Appendix C:  Assigned Far-IR peaks in respect to quantum numbers and frequencies. 
1. H2C=C35Cl3 5Cl Table 1 
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Table 1 :  H2C=C35C}3 5Cl assigned peaks in respect to quantum numbers and fi 
Quantum Numbers Experimental Calculated Frequency 
Quantum Numbers Experimental Calculated Frequency 
J ' Ka' Kc' v' J" Ka" K." v" 
Frequency Frequency Differences 
rcm-t) rcm-1) rem-') 
4 4 1 1 4 4 0 0 796.0121 3 796.00984 0.00230 
J ' Ka' K.' v' J" Ka" Kc" v" 
Frequency Frequency Differences 
fcm-11 fcm-11 rcm-11 
12 6 7 1 11  6 6 0 798.34222 798.34040 0.00181 
12 5 8 1 13 5 9 0 793.40454 793.40328 0.00126 
4 2 3 1 4 2 2 0 795.93000 795 .93042 -0.00041 12 3 9 1 13 3 10 0 793.3 3 583 793.3 3756 -0.00173 
5 4 2 1 5 4 1 0 796.0093 0 796.00722 0.00208 13 1 12 1 12 1 1 1  0 798.24160 798.24366 -0.00206 
7 7 1 1 7 7 0 0 796.00097 795 .99223 0.00874 13 1 12 1 14 1 13 0 793.5 5516  793.5 5698 -0.00182 
7 6 1 1 6 0 6 0 803.18529 803.18070 0.00459 
8 2 6 1 7 2 5 0 797.65416  797.65569 -0.0015 3  
13 1 13 1 12 1 12 0 798.08473 798.08650 -0.00177 
13 2 12 1 12 2 1 1  0 798.23968 798.24155  -0.00187 
8 2 7 1 7 2 6 0 797.46743 797.46736 0.00007 13 5 8 1 12 5 7 0 798.61986 798.62301  -0.00315 
8 6 2 1 7 0 7 0 803.56618 803 .56138 0.00480 13 5 8 1 14 5 9 0 793.08173 793.08439 -0.00265 
8 2 6 1 9 2 7 0 794.1653 1 794.16872 -0.00341 13 2 11  1 12 2 10 0 798.41690 798.41914 -0.00224 
9 9 1 1 9 9 0 0 795.989 1 1  795 .97542 0.01369 13 7 6 1 12 7 5 0 798.5 2570 798.52176 0.00394 
10 1 9 1 9 1 8 0 797.79897 797.80006 -0.00109 13 5 9 1 12 5 8 0 798.54704 798.54779 -0.00076 
10 4 6 1 9 4 5 0 798.02720 798.02886 -0.00166 13 6 7 1 12 6 6 0 798.5 5089 798.5 5060 0.00029 
10 5 6 1 10 5 5 0 795.97618 795.97442 0.00176 13 6 8 1 13 6 7 0 795.95 386 795.95290 0.00096 
10 4 7 1 9 2 8 0 800.20163 800.20154 0.00010 13 3 10 1 14 3 1 1  0 793.17512 793.17930 -0.00418 
10 0 10 1 1 1  0 11 0 794.19907 794.20007 -0.00100 13 6 7 1 14 6 8 0 793.17080 793.17100 -0.00019 
1 1  1 10 1 10 1 9 0 797.94529 797.94681 -0.00152 13 3 11  1 14 3 12 0 793.40060 793.40176 -0.00116 
11 1 10 1 12 3 9 0 791.3 7796 791.37897 -0.00101 14 1 13 1 15 5 10 0 787.65135  787.65347 -0.00212 
1 1  1 11  1 10 1 10 0 797.78376 797.78510 -0.00135  14  1 14 1 13 1 13 0 798.2 3444 798.23653  -0.002 10 
1 1  2 10 1 10 2 9 0 797.93699 797.93838 -0.00139 14 2 13 1 13 2 12 0 798.38893 798.39168 -0.00274 
1 1  3 9 1 10 3 8 0 798.06979 798.07157 -0.00177 14 3 12 1 15 3 13 0 793.2 3459 793.2 3726 -0.00267 
1 1  2 9 1 12 2 10 0 793.68944 793 .69186 -0.00242 14 7 8 1 14 7 7 0 795.95864 795.95664 0.00200 
1 1  7 5 1 12 7 6 0 793.63022 793 .62380 0.00642 14 3 12 1 13 3 1 1  0 798.54227 798.54488 -0.00261 
11 10 1 1 12 10 2 0 793.64469 793 .62825 0.0 1644 14 4 11  1 13 4 10 0 798.67055  798.67321 -0.00265 
1 1  4 7 1 10 4 6 0 798.2 5704 798.25874 -0.00170 14 1 13 1 15 1 14 0 793.39332 793.39528 -0.00196 
1 1  5 7 1 10 5 6 0 798.15590 798.15591 -0.00001 14 3 11 1 13 3 10 0 798.76172 798.76756 -0.00583 
1 1  5 6 1 10 5 5 0 798.1771 5 798.17659 0.00056 14 8 7 1 14 8 6 0 795.96060 795.95487 0.00573 
11  4 7 1 12 4 8 0 793.48108 793 .48269 -0.00161 14 8 6 1 15 8 7 0 793 .01098 793.00505 0.00592 
12 0 12 1 1 1  0 11  0 797.93454 797.93616 -0.00162 14 9 5 1 15 9 6 0 793.02261 793.01260 0.0 1001 
12 2 1 1  1 1 1  2 10 0 798.08834 798.09058 -0.00223 14 4 11 1 15 4 12 0 793.09136 793.09428 -0.00292 
12 3 10 1 1 1  3 9 0 798.2 3160 798.23350 -0.00190 14 0 14 1 15 0 15 0 793.5 5263 793.5 5476 -0.00213 
12 2 1 1  1 13 2 12 0 793.71790 793 .71995 -0.00205 15 0 15 1 16 0 16 0 793.38992 793.39234 -0.00242 
12 2 10 1 13 2 11  0 793.53842 793 .54042 -0.00200 15 1 14 1 14 1 13 0 798.5 3887 798.54164 -0.00277 
12 6 6 1 1 1  4 7 0 801.08790 801.08606 0.00184 15 1 14 1 16 1 15 0 793.2 3055  793.2 3298 -0.00242 
12 9 3 1 1 1  9 2 0 798.30973 798.29829 0.01 143 15 1 15 1 14 1 14 0 798.38382 798.38614 -0.00232 
12 10 2 1 1 1  1 0  1 0 798.30465 798.28830 0.01635  15 2 13 1 16 6 10 0 787.63822 787.6423 7 -0.00415 
12 1 1 1  1 1 1  1 10 0 798.09316  798.09487 -0.00171 15 3 13 1 14 3 12 0 798.69306 798.69640 -0.00334 
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Quantum Numbers Experimental Calculated Frequency Quantum Numbers Experimental Calculated Frequency 
J ' Ka' K,' v' J" Ka" K," v" 
Frequency Frequency Differences 
fcm-1) f cm-1) fcm-1) J ' Ka' K,' v
' J" Ka" Ko'' v" 
Frequency Frequency Differences 
(cm-1) fem·•) (cm·l) 
1 5  4 12 1 1 6  4 1 3  0 792.9 194 7 792.9 2 2 3 2  -0.00285 17 3 1 5  1 1 6  3 14 0 798.9 9 1 3 2  798.9 9 5 0 2  -0. 0 0 3 70 
1 5  4 1 2  1 1 4  4 1 1  0 798.83181 798.83649 -0.00468 17 3 1 5  1 18 3 1 6  0 792.74308 792.74652 -0.00345 
15 6 10 1 1 5  6 9 0 795.874 5 6  795.87566 -0.00 1 1 0  1 7  5 1 3  1 1 6  5 1 2  0 799.26654 799.27184 -0. 0 0 5 3 0  
1 5  1 0  5 1 1 6  1 0  6 0 792.82178 792.80871 0.0 1 3 0 7  1 7  2 1 6  1 16 2 1 5  0 798.83544 798.83869 -0. 0 0 3 2 5  
1 5  2 1 3  1 1 4  2 1 2  0 798.702 2 3  798.70 5 1 1  -0.00288 17 4 14 1 18 4 1 5  0 792.58344 792.58691 -0.00347 
15 5 10 1 1 6  5 1 1  0 792.59646 792.60 3 3 7  -0.00691 1 7  5 1 3  1 18 5 14 0 792.44262 792.44665 -0.00404 
1 5  6 9 1 1 6  6 1 0  0 792.693 2 0  792.69 6 7 7  -0.00 3 5 8  1 7  9 8 1 18 9 9 0 792.38571 792.38013 0.0 0 5 5 9  
1 5  4 1 1  1 1 6  4 1 2  0 792.663 2 6  792.669 1 6  -0.00589 1 7  3 14 1 1 6  3 1 3  0 799.17094 799.17466 -0.00372 
1 5  8 7 1 1 6  8 8 0 792.79799 792.79293 0 .00506 17 1 0  7 1 16 10 6 0 799.26400 799.2 5457 0.00943 
15 5 1 1  1 1 6  5 1 2  0 792.809 3 2  792.81 2 6 1  -0 .00329 17 2 1 5  1 16 2 14 0 798.99370 798.99728 -0.0 0358 
15  9 6 1 1 6  9 7 0 792.81238 792.80 3 7 0  0.00867 1 7  1 0  7 1 18 1 0  8 0 792.40032 792.39027 0.0 1005 
15 11 4 1 1 6  1 1  5 0 792.82740 792.810 2 3  0.0 1 7 1 7  1 7  5 1 2  1 1 8  5 1 3  0 792.17010 792. 1 7874 -0.00864 
1 5  3 1 2  1 1 6  3 1 3  0 792.875 2 2  792.88 0 1 2  -0.00490 17 13 4 1 18 1 3  5 0 792.42180 792.39607 0.0 2 5 7 3  
1 5  3 1 3  1 1 6  3 14 0 793.07083 793.0 7 3 5 5  -0.00272 1 8  0 18 1 19 0 19 0 792.89941 792.90254 -0.00313 
15  7 9 1 1 6  7 1 0  0 792.7799 7 792.77875 0.0 0 1 2 3  1 8  1 1 7  1 1 7  1 1 6  0 798.9 8 3 0 7  798.98683 -0.00376 
16 0 1 6  1 1 7  0 1 7  0 793.22677 793.2 2 9 5 0  -0 .00273 1 8  1 1 7  1 19 1 1 8  0 792.73953 792.74309 -0.00356 
1 6  1 1 5  1 1 7  1 1 6  0 793.0672 5 793.07 0 1 5  -0.00289 1 8  1 18 1 1 7  1 1 7  0 798.8 2 9 1 3  798.8 3 2 3 9  -0.00326 
16 1 1 5  1 1 5  1 14 0 798.687 3 2  798.69 0 3 7  -0.00305 18 3 16 1 19 3 1 7  0 792.5 7863 792.58270 -0.00407 
16 1 1 6  1 1 5  1 1 5  0 798.53269 798. 5 3 5 3 1  -0.00262 18 4 1 5  1 17 4 14 0 799. 2 9 5 1 4  799. 2 9 9 2 7  -0.00413 
16 4 1 3  1 1 7  4 14 0 792.749 9 2  792.75 3 5 5  -0.00363 18 4 1 5  1 1 9  4 1 6  0 792.4 1 7 3 1  792.42 148 -0.00417 
16 11 6 1 1 6  1 1  5 0 795.94107 795.92481 0.01626 18 6 1 2  1 1 7  6 1 1  0 799.67937 799.68806 -0.00868 
16 3 14 1 1 7  3 1 5  0 792.90680 792.91008 -0. 0 0 3 2 8  1 8  5 14 1 1 9  5 1 5  0 792.26697 792. 2 7 1 3 3  -0.00436 
1 6  8 9 1 1 5  8 8 0 799.10066 799.09682 0.00384 18 3 1 6  1 1 7  3 1 5  0 799.13909 799.14299 -0. 0 0 3 9 1  
1 6  1 1  5 1 1 5  1 1  4 0 799.062 5 1  799.04 6 2 0  0 .01631 1 8  2 1 6  1 1 7  2 1 5  0 799.14018 799.144 1 0  -0.00393 
1 6  1 0  6 1 1 7  1 0  7 0 792.611 5 2  792.60029 0.0 1 1 2 3  1 8  1 2  6 1 1 7  1 2  5 0 799.43493 799.4 1 7 1 4  0 .01779 
1 6  9 7 1 1 7  9 8 0 792.600 3 7  792.59294 0.00743 18 11 7 1 19 11 8 0 792.19729 792.18566 0.0 1163 
1 6  4 1 2  1 1 7  4 1 3  0 792.50080 792.50840 -0.00761 18 1 2  6 1 1 9  1 2  7 0 792.2 0 7 3 7  792.18881 0.01856 
1 6  5 1 1  1 1 7  5 1 2  0 792.373 3 3  792.38187 -0.00854 18 6 1 3  1 19 6 14 0 792.16329 792.16800 -0.00471 
16 3 14 1 1 5  3 1 3  0 798.843 1 7  798.84 6 2 7  -0.0 0309 18 6 1 3  1 1 9  6 1 4  0 792 .16329 792.16800 -0.00471 
16 2 14 1 1 5  2 1 3  0 798.8470 3  798.85 0 7 8  -0.00 3 7 5  1 9  0 19 1 2 0  0 2 0  0 792.73486 792.73844 -0.00 3 5 8  
1 6  1 5  1 1 1 6  1 5  2 0 795.932 6 7  795.89 5 0 9  0 .03759 1 9  0 19 1 18 0 18 0 798.97667 798.98029 -0.00362 
1 6  5 12 1 1 7  5 1 3  0 792.62 1 6 2  792.62683 -0. 0 0 5 2 1  19 1 18 1 2 0  1 19 0 792.5 7480 792.5 7889 -0.00409 
16 12 4 1 1 7  1 2  5 0 792.62543 792.60369 0.0 2 1 74 1 9  3 1 7  1 18 3 1 6  0 799.2 8 5 2 7  799.29040 -0. 0 0 5 1 2  
1 6  1 4  2 1 1 7  14 3 0 792.630 2 6  792.59843 0 .03183 19 3 1 7  1 2 0  3 18 0 792.41415 792.41850 -0.00435 
17 0 1 7  1 1 8  0 1 8  0 793.063 3 7  793.06623 -0 .00286 1 9  2 18 1 18 2 1 7  0 799. 1 3 0 5 6  799.13446 -0.0 0390 
17 1 16 1 18 1 1 7  0 792.903 7 1  792.90684 -0.0 0 3 1 3  1 9  19 1 1 19 19 0 0 795.89816 795.83529 0.06288 
17 0 1 7  1 1 6  0 1 6  0 798.681 1 8  798.6840 6  -0.00288 1 9  4 16 1 2 0  4 1 7  0 792.2 5 2 1 3  792.25658 -0.00445 
1 7  3 1 4  1 18 3 1 5  0 792.5664 5 792.57264 -0.00619 19 7 1 2  1 2 0  7 1 3  0 791.80001 79 1.805 3 7  -0.0 0 5 3 6  
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Quantum Numbers Experimental Calculated Frequency Quantum Numbers Experimental Calculated Frequency 
I '  K.' Kc' v' I" Ka" Kc" v" 
Frequency Frequency Differences 
rem·!) rcm·t) rcm·l) J ' Ka' Kc' v
' I" Ka" Kc" v" 
Frequency Frequency Differences 
rcm·1) rem"') rcm·l) 
1 9  1 1  9 1 18 11 8 0 799.63696 799.62 6 1 5  0 . 0 1 0 8 1  2 2  0 2 2  1 2 3  0 2 3  0 792.23881 792.24360 -0.00479 
19 6 1 3  1 18 6 1 2  0 799.9081 3 799.91803 -0.00990 22 1 2 1  1 2 3  1 2 2  0 792.07866 792.083 7 3  -0.00506 
19 6 14 1 18 6 1 3  0 799.689 2 5  799.69424 -0.00499 22 1 2 2  1 2 1  1 2 1  0 799.41668 799.4 2 144 -0.00475 
19 10 10 1 18 1 0  9 0 799.65273 799.64580 0.00693 22 2 2 1  1 2 1  2 2 0  0 799.56977 799.57497 -0.0 0 5 2 1  
1 9  5 14 1 18 5 1 3  0 799.86479 799.87474 -0.00995 22 3 2 0  1 2 1  3 19 0 799.72403 799.72990 -0.0 0587 
19 9 1 1  1 18 5 14 0 808.0052 2 808.00242 0 .00280 22 8 1 5  1 2 3  8 16 0 791.27190 791.2 7 9 2 1  -0.0 0731 
19 15 4 1 2 0  1 5  5 0 792.01093 791.97779 0.0 3 3 14 2 2  2 2 0  1 2 3  2 2 1  0 791.91773 791.9 2 3 3 2  -0.00559 
20 0 2 0  1 19 0 19 0 799. 1 2 3 8 1  799.12776 -0.0 0 3 9 5  2 2  6 1 7  1 2 1  4 18 0 804.7 7864 804.78668 -0.00804 
20 0 2 0  1 2 1  0 2 1  0 792.56981 792.57391 -0.00410 22 14 8 1 2 3  1 4  9 0 791.37540 791. 3 5 2 6 5  0.02 275 
20 1 19 1 2 1  1 2 0  0 792.40984 792.41426 -0.00443 22 1 3  9 1 2 3  1 3  1 0  0 791.36775 791.34960 0.01815 
2 0  2 - 18 1 19 2 17 0 799.43218 799.4 3 7 5 7  -0.00540 22 9 14 1 2 3  9 1 5  0 791.28 764 791.289 1 7  -0.0 0 1 5 3  
2 0  2 18 1 2 1  2 19 0 792.249 1 3  792.2 5 3 7 7  -0.00464 22 3 19 1 2 1  3 18 0 799.88249 799.888 5 1  -0.00602 
20 2 19 1 19 2 18 0 799.2 772 9 799.28172 -0.00443 22 1 0  1 2  1 2 3  1 0  1 3  0 791.3 1 2 3 4  791.3 1 0 5 2  0.00183 
20 7 1 3  1 2 1  9 1 2  0 78 7.4464 0 787.45 628 -0.00988 22 7 1 6  1 2 3  7 1 7  0 791.3 1 7 3 9  791.3 2 4 1 2  -0.00673 
20 12 8 1 2 0  1 2  9 0 795.90203 795.88659 0.01 544 22 5 1 7  1 2 1  5 16 0 800.26541 800.2 7 5 8 5  -0.01044 
20 4 1 7  1 19 4 16 0 799.590 3 5  799.59 5 3 3  -0.00498 22 1 0  1 2  1 2 2  8 1 5  0 800.99803 800.99652 0.0 0 1 5 1  
2 0  7 1 3  1 2 1  7 1 4  0 791.5372 6 791.54670 -0.00944 2 3  0 2 3  1 2 2  0 2 2  0 799. 5 6 2 5 2  799.56763 -0.00512 
2 0  8 1 3  1 19 8 1 2  0 799.8982 3 799.90104 -0.00281 23 0 2 3  1 24 0 2 4  0 792.07268 792.07782 -0.00514 
2 0  1 0  1 0  1 19 1 0  9 0 799.84807 799.84 3 0 1  0 . 0 0 5 0 6  2 3  1 2 2  1 24 1 2 3  0 791.9 1 2 1 9  791.91782 -0.00563 
20 3 1 7  1 1 9  3 16 0 799.59461 799.59954 -0.00493 23 1 2 2  1 2 2  1 2 1  0 799. 7 1 5 3 4  799. 7 2 0 9 7  -0.00563 
20 4 1 7  1 2 1  4 18 0 792.08681 792.09176 -0.00495 23 2 2 1  1 2 4  2 2 2  0 791.7 5 1 3 9  791.75740 -0.0 0601 
20 4 1 6  1 2 1  4 17 0 791.900 2 1  791.90908 -0.00887 23 3 2 1  1 2 2  3 2 0  0 799.86964 799.8 7 5 5 9  -0.00595 
20 5 16 1 2 1  5 1 7  0 791.92581 791.93099 -0. 0 0 5 1 8  2 3  3 2 0  1 2 4  3 2 1  0 791.58916 791. 5 9 5 3 7  -0.00620 
21 0 2 1  1 2 2  0 2 2  0 792.40458 792.40897 -0.00439 23 8 16 1 24 8 1 7  0 791. 0 6 1 2 7  791.06897 -0.00771 
2 1  0 2 1  1 2 0  0 2 0  0 799.2 7 0 5 1  799.27481 -0.00430 23 6 1 7  1 2 2  6 16 0 800.62862 800.64 3 5 4  -0.01492 
2 1  1 2 0  1 2 2  1 2 1  0 792.2444 1 792.249 2 1  -0.00480 23 6 1 7  1 2 2  4 18 0 804.484 2 2  804.49860 -0. 01438 
21 2 19 1 2 0  2 18 0 799.57880 799.58393 -0. 0 0 5 1 3  2 3  5 19 1 2 2  5 18 0 800.18593 800.19264 -0.00671 
21 2 19 1 2 2  2 2 0  0 792.08370 792.08878 -0. 0 0 5 0 8  2 3  5 18 1 24 5 19 0 791.22804 791.2 3 8 1 6  -0.01012 
2 1  2 2 0  1 2 0  2 19 0 799.4 2 3 5 9  799.42855 -0.00496 23 10 14 1 2 2  1 0  1 3  0 8 0 0.44108 8 0 0.44081 0.00027 
21 7 14 1 2 0  7 1 3  0 80 0.2 6 7 5 0  800.2 7944 -0.01194 23 10 1 3  1 2 2  1 0  1 2  0 800.44264 800.44 3 3 1  -0.00067 
2 1  8 1 3  1 2 2  8 14 0 791.413 1 5  791.41998 -0.00682 23 4 19 1 2 2  4 18 0 800.19283 800.19962 -0.00679 
2 1  1 2  9 1 2 1  1 2  10 0 79 5.89 1 6 3  795.87768 0.0 1 3 9 5  2 3  4 2 0  1 2 2  4 19 0 800.02676 800.03266 -0.00590 
21 7 1 5  1 2 0  7 14 0 800.095 1 2  800.10234 -0.0 0 7 2 2  2 3  3 2 1  1 24 5 2 0  0 785.67999 785.685 5 5  -0.0 0 5 5 5  
2 1  1 2  9 1 2 0  1 2  8 0 800.009 6 2  799.99 5 5 2  0 .01410 23 5 18 1 2 2  1 2 1  0 8 1 1 . 0 9 3 5 7  8 1 1 .10380 -0.0 1023 
21  7 14 1 2 2  7 1 5  0 791.2809 5 791.29324 -0. 0 1 2 2 9  2 4  0 24 1 2 5  0 2 5  0 791.90604 791.91162 -0.00558 
21 3 18 1 2 2  3 19 0 791.9 2 0 5 1  791.92 5 7 3  -0.0 0 5 2 2  24 1 2 3  1 2 5  1 2 4  0 791.74546 791.75149 -0.00604 
2 1  6 1 5  1 2 2  6 16 0 791.30341 791.31759 -0.01418 24 1 2 3  1 2 3  1 2 2  0 799.86045 799.86654 -0.00609 
21 5 1 7  1 2 0  3 18 0 804.680 3 3  804.68765 -0.0 0 7 3 2  2 4  1 24 1 2 3  1 2 3  0 799.70 784 799.7 1340 -0.00556 
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2 4  3 2 1  1 2 3  3 2 0  0 800.17072 800.17771 -0.00699 26 7 19 1 2 5  7 18 0 801.24328 801.26309 -0.01981 
2 4  3 2 2  1 2 5  3 2 3  0 791. 5846 3 791.59104 -0 .00641 2 6  5 2 2  1 2 5  5 2 1  0 800.61587 8 0 0.62480 -0.0 0894 
24 3 2 2  1 2 3  3 2 1  0 800.0143 1 800.02087 -0.00 6 5 6  2 7  0 2 7  1 2 8  0 2 8  0 791.40348 7 9 1.4 1 0 5 1  -0.00702 
2 4  4 2 0  1 2 5  4 2 1  0 791.2 5 5 2 9  791.2 6 3 5 1  -0.00822 27 1 2 6  1 2 8  1 2 7  0 791.24246 79 1.24998 -0.00752 
2 4  4 2 1  1 2 5  4 2 2  0 791.42246 791.4 2 9 3 7  -0.00691 2 7  1 2 6  1 2 6  1 2 5  0 800.29324 800.30073 -0. 0 0 749 
2 4  1 1  1 3  1 2 3  1 1  1 2  0 800.61112 800.60823 0.00289 27 2 2 5  1 2 8  2 2 6  0 791.0 8 1 3 1  79 1.089 3 2  -0.00801 
24 10 14 1 2 3  1 0  1 3  0 800.64560 800.64795 -0.0 0 2 3 5  2 7  3 24 1 2 8  3 2 5  0 790.91946 790.92788 -0.00843 
24 5 19 1 2 3  5 18 0 800. 5 1882 800.52894 -0. 0 1 0 1 1  2 7  3 2 5  1 2 6  3 2 4  0 800.44620 800.45426 -0.00806 
2 5  0 2 5  1 2 6  0 2 6  0 791.73894 791.74 5 0 0  -0.00606 27 4 2 3  1 2 6  4 2 2  0 800.7 5 9 1 5  800.76828 -0.00913 
25 1 2 4  1 2 6  1 2 5  0 791.5782 2 791.58474 -0.00652 2 7 4 24 1 2 6  4 2 3  0 800.60108 800.609 5 3  -0.00845 
2 5  1 2 4  1 2 4  1 2 3  0 800.00530 800. 0 1 1 7 0  -0.00640 27 6 2 2  1 2 8  6 2 3  0 790.58692 790.59843 -0. 0 1 1 5 1  
2 5  1 2 5  1 2 4  1 24 0 799.85271 799.8 5 8 7 5  -0.00604 27 0 2 7  1 2 6  0 2 6  0 800.14113 800.14815 -0.00701 
25 2 2 4  1 2 6  4 2 3  0 784.38450 784.39083 -0 .00634 2 7  1 2 7  1 2 6  1 2 6  0 800.14114 800.14815 -0.00701 
25 3 2 2  1 2 4  3 2 1  0 800.3145 1 800.32198 -0.00747 2 7  9 18 1 2 8  9 19 0 789.9 5 7 5 2  789.97648 -0. 0 1896 
2 5  3 2 3  1 2 4  3 2 2  0 800.15873 800.16574 -0.00702 27 8 19 1 2 8  8 2 0  0 789.92686 789.9 5 1 0 3  -0.02418 
2 5  3 2 3  1 2 6  3 24 0 791.4 1 7 2 2  791.4 2 4 2 3  -0.00 701 2 7  1 0  1 7  1 28 1 0  1 8  0 790.11696 790.12762 -0.01066 
25 8 18 1 2 4  8 1 7  0 800.85780 800.87004 -0.0 1 2 2 3  2 7  1 2  1 6  1 2 6  1 2  1 5  0 801.1 7 2 2 5  8 0 1 . 1 7 1 1 3  0.0 0 1 1 2  
2 5  1 1  1 5  1 2 6  1 1  1 6  0 790.6724 1 790.67 1 2 9  0 . 0 0 1 1 2  2 7  5 2 2  1 28 7 2 1  0 785.09629 785.10910 -0.01281 
25 5 2 0  1 2 4  5 19 0 800.6 5 1 1 9  800.66164 -0.01045 27 10 17 1 2 6  1 0  16 0 801.28052 801.29139 -0.01087 
25 14 1 1  1 2 6  1 4  1 2  0 790.73063 790.714 1 1  0 . 0 1 6 5 2  2 7  9 19 1 2 6  9 18 0 801.25470 801.26657 -0. 0 1 187 
2 5  2 0  5 1 2 4  2 0  4 0 800.68834 800.62837 0.0 5 9 9 7  2 7  1 1  1 6  1 2 6  1 1  1 5  0 801.2 1 2 0 0  801.2 1 5 1 0  -0.00310 
25  6 19 1 2 4  6 18 0 800.87941 8 00.89 3 7 4  -0.0 1433 2 7  2 5  2 1 2 6  2 5  1 0 801.0 3 2 5 4  800.92873 0.10381 
25 7 18 1 2 4  7 1 7  0 801.09138 8 0 1 . 1 1 2 0 2  -0.02064 27 1 2  1 5  1 2 6  8 18 0 8 1 1 . 5 1 1 2 8  8 1 1 . 5 0 9 2 7  0.0 0 2 0 2  
2 5  7 18 1 2 6  7 19 0 790.44179 790.46083 -0.01905 27 1 0  1 7  1 2 6  1 0  16 0 801.28052 801.29139 -0.01087 
25 1 8  7 1 2 4  18 6 0 800.70 328 800.65794 0.04 5 3 4  2 8  0 2 8  1 2 9  0 2 9  0 791.2 3 5 1 2  791.24263 -0. 0 0 7 5 1  
2 6  0 2 6  1 2 7  0 2 7  0 791.5 7149 791.57796 -0.00647 2 8  0 2 8  1 2 7  0 2 7  0 800.28473 800.292 2 1  -0.00 748 
2 6  1 2 5  1 2 5  1 2 4  0 800.14946 800.15642 -0 .00697 28 1 2 7  1 2 9  1 2 8  0 791.07392 791.08197 -0.00805 
26 1 2 5  1 2 7  1 2 6  0 791.41054 791.4 1 7 5 7  -0.00 7 0 3  2 8  1 2 7  1 2 7  1 2 6  0 800.4 3 649 8 00.44460 -0.00811 
2 6  1 2 6  1 2 5  1 2 5  0 799.997 1 4  800.00366 -0.0 0 6 5 2  28 2 2 6  1 2 7  2 2 5  0 800.58938 800.59790 -0 .00852 
26 2 24 1 2 5  2 2 3  0 800.302 6 1  800.3 1 0 2 1  -0.00760 2 8  3 2 5  1 2 7  3 2 4  0 800.74376 800.75280 -0.00904 
2 6  3 2 3  1 2 5  3 2 2  0 800.4 5796 800.46594 -0.00798 2 8  3 2 6  1 2 9  3 2 7  0 790.9 1 2 1 4  790.9 2 1 2 2  -0.00908 
26 3 2 3  1 2 7  3 24 0 791.087 5 7  791.09549 -0.00792 28 4 2 4  1 2 7  4 2 3  0 800.90114 800.91067 -0.00953 
2 6  3 2 4  1 2 7  3 2 5  0 791.249 5 4  791.25699 -0.00745 2 8  3 2 5  1 2 9  3 2 6  0 790.75063 790.75981 -0.00919 
26 1 6  1 0  1 2 5  1 6  9 0 800.90785 800.87987 0.02 799 28 1 2  1 6  1 28 12 1 7  0 795.80493 795.80597 -0. 0 0 1 0 3  
2 6  5 2 1  1 2 5  3 2 2  0 806.63085 806.64 2 1 9  -0.0 1 1 3 4  2 8  5 2 3  1 2 7  5 2 2  0 801.06397 801.0 7 5 2 7  -0.0 1 1 3 0  
2 6  8 18 1 2 5  8 1 7  0 801.31345 801.33450 -0.0 2 1 0 5  2 8  1 1  1 7  1 29 11 18 0 789.9 6710 789.97439 -0.00730 
2 6  6 2 0  1 2 5  6 19 0 800.99803 801.01 2 5 4  -0.0 1 4 5 1  28 1 0  19 1 2 9  1 0  2 0  0 789.9 6 2 1 3  789.97383 -0. 0 1 169 
2 6  6 2 1  1 2 7  6 2 2  0 790.75566 790.76566 -0.0 1000 2 8  4 2 5  1 2 9  6 24 0 783.58414 783.59382 -0.00968 
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2 8  1 4  1 4  1 2 7  14 13 0 801.31909 801.30668 0.01240 3 0  4 2 6  1 3 1  4 2 7  0 790.24907 790.2 5 9 69 -0.01062 
28 1 0  18 1 2 9  1 0  19 0 789.8 5034 789.86363 -0.0 1 3 2 9  30 1 5  1 5  1 2 9  1 5  1 4  0 8 0 1.68016 8 0 1.66689 0 .0 1 3 2 7  
2 8  1 1  18 1 2 7  1 1  1 7  0 80 1.405 6 1  801.4 1 2 5 3  -0.00692 3 0  8 2 3  1 3 1  8 2 4  0 789.74 1 3 6  789.7 5 8 7 2  -0.0 1736 
28 9 19 1 2 7  9 1 8  0 801.66729 801.68983 -0.0 2 2 5 3  3 0  7 2 3  1 3 1  7 2 4  0 789.7 0 5 4 1  789. 7 2 3 5 6  -0.01815 
28 6 2 2  1 2 7  6 2 1  0 80 1.24843 801.262 2 0  -0. 0 1 3 7 6  3 0  9 2 1  1 3 1  9 2 2  0 789.2 3 5 1 2  789.26364 -0.02852 
28 10 1 8  1 2 7  1 0  1 7  0 801.50803 8 0 1 . 5 2 2 4 3  -0.01439 3 0  4 2 7  1 3 1  6 2 6  0 782.60192 782.6 1193 -0.01001 
2 9  0 2 9  1 2 8  0 28 0 800.42788 800.43584 -0.00796 30 9 2 2  1 3 1  9 2 3  0 789. 59890 789.61 748 -0.0 1859 
29 0 2 9  1 3 0  6 3 0  0 791.066 3 2  791.07434 -0.00803 3 0  1 7  1 3  1 29 1 7  1 2  0 801.64601 80 1.61899 0.02702 
29 1 28 1 3 0  1 29 0 790.905 1 2  790.9 1 3 5 4  -0.00842 3 0  10 21 1 29 1 0  2 0  0 801.8 2 5 2 6  801.84 2 2 9  -0.01704 
29 1 2 8  1 2 8  1 2 7  0 800.57943 800.58805 -0.00862 3 0  2 2  8 1 2 9  2 2  7 0 8 0 1 . 5 9 5 6 5  8 0 1 . 5 2 749 0.06816 
29 2 2 7  1 3 0  2 2 8  0 790. 743 5 1  790. 7 5 2 69 -0.00919 3 0  9 2 2  1 29 9 2 1  0 801.78239 8 0 1.79929 -0.01691 
2 9  2 2 7  1 2 8  2 2 6  0 800.7319 6 800.74 1 1 2  -0.00916 30 7 2 3  1 29 7 2 2  0 8 0 1 . 7 2 2 2 4  801.73999 -0.0 1775 
2 9  4 2 5  1 2 8  4 24 0 80 1.042 7 6  801.05283 -0.0 1007 3 0  5 2 5  1 29 5 2 4  0 801.34385 801.3 5 5 7 2  -0.01 187 
29 4 2 6  1 2 8  4 2 5  0 800.886 0 7  800.89 5 6 6  -0.00959 3 0  5 2 6  1 29 5 2 5  0 801.18403 8 0 1.19465 -0.01062 
29 4 2 6  1 3 0  4 2 7  0 790.58165 790.59 1 3 0  -0.00964 3 0  1 0  2 0  1 2 9  1 0  19 0 801.9 9 1 2 5  802.0 1464 -0 .02339 
29 5 2 4  1 2 8  5 2 3  0 801.20299 801. 2 1 5 3 6  -0. 0 1 2 3 7  30 2 2 8  1 2 9  2 2 7  0 800.87428 800.88392 -0.00964 
2 9  4 2 5  1 3 0  4 2 6  0 790.418 3 5  790.42847 -0.0 1 0 1 2  30 4 2 6  1 2 9  4 2 5  0 801.18403 801.19470 -0.01068 
29 1 1  18 1 2 8  1 1  1 7  0 80 1.62640 801.63691 -0.0 1 0 5 1  3 1  0 3 1  1 3 0  0 3 0  0 800.71260 800.72181 -0.00921 
2 9  8 2 1  1 3 0  8 2 2  0 789.583 1 3  789.60868 -0.0 2 5 5 5  3 1  0 3 1  1 3 2  0 3 2  0 790.72 7 3 3  790. 7 3 6 5 1  -0.00918 
29 16 1 3  1 2 8  16 12 0 80 1.472 5 6  801.45062 0 .02194 31 1 3 0  1 3 0  1 2 9  0 800.86392 800.87367 -0.00974 
29 13 16 1 2 8  1 3  1 5  0 801.53561 801.53294 0 .00267 31 1 3 0  1 3 2  1 3 1  0 790.56570 790.57543 -0.00973 
29 10 20 1 2 8  10 19 0 801.63474 801.64928 -0.01453 3 1  2 2 9  1 3 0  2 28 0 801.01600 801.02629 -0.01030 
2 9  2 1  8 1 2 8  2 1  7 0 80 1.41980 8 0 1 . 3 5 8 1 0  0.06169 3 1  3 28 1 3 2  3 2 9  0 790.24 2 1 5  790.2 5 2 9 2  -0.0 1077 
29 8 2 1  1 2 8  8 2 0  0 80 1.852 1 5  801.87860 -0.02645 31 3 2 9  1 3 2  3 3 0  0 790.40408 790.41437 -0.0 1029 
2 9  1 2  1 7  1 2 8  1 2  16 0 801.569 3 1  8 0 1 . 5 7 3 7 7  -0.00446 31 4 2 8  1 3 0  4 2 7  0 801.16939 801.18020 -0.01082 
2 9  9 2 0  1 2 8  9 19 0 801.89780 801.92 5 1 1  -0.0 2 7 3 1  3 1  1 7  14 1 3 0  1 7  1 3  0 80 1.83446 80 1.80881 0.0 2 5 6 5  
2 9  1 4  1 5  1 2 8  14 14 0 801.51 1 0 2  8 0 1 . 5 0 1 0 1  0 .01001 3 1  4 2 7  1 3 2  4 2 8  0 790.07908 790.09043 -0. 0 1 1 3 5  
2 9  1 8  1 1  1 2 8  18 10 0 80 1.445 1 3  801.4 1 0 0 1  0.03 5 1 2  3 1  1 1  2 1  1 3 2  1 1  2 2  0 789. 3 0 0 6 5  789.3 1464 -0.01399 
30 0 3 0  1 2 9  0 29 0 800.57043 800.57904 -0.00861 31 1 5  1 6  1 3 2  1 5  1 7  0 789.4 2 7 0 2  789.4 1 5 7 0  0.0 1 1 3 2  
3 0  0 3 0  1 3 1  0 3 1  0 790.89 7 2 6  790.90564 -0.00837 3 1  1 1  2 0  1 30 11 19 0 802.06956 802.08786 -0.01830 
30 1 29 1 3 1  1 3 0  0 790.735 5 7  790.74469 -0.00912 3 1  24 7 1 3 0  24 6 0 801.76 5 5 1  80 1.680 2 1  0.08530 
3 0  2 2 8  1 3 1  2 29 0 790.574 0 1  790.58374 -0.00973 3 1  1 1  2 1  1 3 0  1 1  2 0  0 802.00619 802.02043 -0.01424 
30 2 28 1 2 9  2 2 7  0 800.87428 800.88392 -0.00963 31 7 2 5  1 3 0  5 2 6  0 808.59423 808.60908 -0.01485 
30 2 29 1 2 9  2 28 0 800.72195 800. 7 3 1 0 7  -0.00913 31 14 17 1 3 0  1 4  16 0 801.89558 8 0 1.89 2 1 2  0.00346 
30 3 2 7  1 3 1  3 28 0 790.41210 790.4 2 2 3 3  -0.0 1 0 2 3  3 1  5 2 7  1 3 0  5 2 6  0 801.3 2 5 0 3  8 0 1 . 3 3 6 2 2  -0.0 1 1 19 
3 0  4 2 7  1 2 9  4 2 6  0 801.0279 5  801.03813 -0.0 1018 3 1  9 2 2  1 3 2  9 2 3  0 789.04 2 5 0  789.07368 -0.0 3 1 18 
3 0  7 24 1 2 9  7 2 3  0 801.503 5 0  801.51947 -0. 0 1 5 9 7  3 1  1 1  2 0  1 30 7 2 3  0 810.53403 810.55096 -0.0 1693 
3 0  1 2  18 1 3 0  1 2  1 9  0 795.783 2 7  795.78897 -0.00570 31 5 2 6  1 3 0  5 2 5  0 801.48392 80 1.49609 -0.0 1 2 1 7  
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3 1  6 2 6  1 3 0  6 2 5  0 80 1.48258 801.49569 -0.0 1 3 1 1  3 3  10 23 1 34 10 2 4  0 788. 5 4 0 3 1  788.57422 -0.03391 
31  2 29 1 3 0  2 2 8  0 801.01600 801.02629 -0. 0 1 0 3 0  3 3  2 4  1 0  1 3 2  24 9 0 802 .12919 802.04829 0.08089 
3 1  3 28 1 3 0  3 2 7  0 801.16938 801.18020 -0.01082 3 3  6 2 7  1 3 2  4 28 0 809. 5 2 770 809. 5 4 3 0 6  -0.0 1 5 3 7  
3 2  0 3 2  1 3 1  0 3 1  0 800.85448 800.864 1 6  -0.00968 33 1 2  2 1  1 3 2  1 2  2 0  0 802.4 0 3 3 9  802.4 1 9 3 6  -0.01597 
32 0 3 2  1 3 3  0 3 3  0 790. 5 5 7 3 2  790.56697 -0.00965 33 1 6  1 7  1 3 2  1 6  1 6  0 802.22964 802. 2 1 7 2 1  0.01 244 
3 2  1 3 1  1 3 1  1 3 0  0 801.00549 801.01583 -0.0 1034 3 3  2 1  1 2  1 3 2  2 1  1 1  0 802.1 5 5 2 9  8 0 2 . 1 0 1 74 0.0 5 3 5 4  
3 2  1 3 1  1 3 3  1 3 2  0 790.39543 790.40574 -0. 0 1 0 3 2  3 3  1 8  1 5  1 34 18 16 0 789. 0 3 1 0 2  789.0 0 3 3 5  0.0 2767 
32 2 3 0  1 3 3  2 3 1  0 790.23379 790.244 5 7  -0.01078 3 3  7 2 6  1 3 2  7 2 5  0 802.09976 8 0 2 . 1 1 8 3 1  -0.01855 
32 3 29 1 3 3  3 3 0  0 790.07159 790.08308 -0.01149 3 3  1 5  18 1 3 2  1 5  1 7  0 802.2 5444 802.249 1 2  0.0 0 5 3 2  
3 2  3 2 9  1 3 1  3 2 8  0 801.31039 801.32187 -0.01148 3 3  2 0  1 3  1 3 2  2 0  1 2  0 802 .16565 8 0 2 . 1 2 1 3 4  0.044 3 1  
3 2  3 30 1 3 1  3 2 9  0 801.1572 5 801.1682 5 -0.0 1 1 0 0  3 3  1 2  2 1  1 34 1 2  2 2  0 788.8 0 3 2 7  788.81948 -0.01621 
32 4 2 8  1 3 3  4 2 9  0 789.9 0867 789.92068 -0.0 1 2 0 1  3 3  0 3 3  1 3 2  0 3 2  0 800.99578 801.00607 -0. 0 1 0 29 
3 2  4 28 1 3 1  4 2 7  0 80 1.46494 801.47744 -0.0 1 2 5 0  3 3  1 3 2  1 3 2  1 3 1  0 801.14660 801. 1 5 7 5 7  -0.01097 
32 7 2 6  1 3 3  7 2 7  0 789.57328 789.58886 -0.0 1 5 5 8  34 0 34 1 3 5  0 3 5  0 790. 2 1 5 78 790.22664 -0.01086 
3 2  1 1  2 1  1 3 1  1 1  2 0  0 802.30677 802.32924 -0.02247 34 1 3 3  1 3 5  1 34 0 790.0 5 3 3 4  790.0 6 5 1 2  -0. 0 1 1 78 
3 2  1 1  2 2  1 3 1  1 1  2 1  0 802.2 0 1 3 7  802. 2 1 9 2 0  -0.01783 34 1 3 3  1 3 3  1 3 2  0 801.28734 8 0 1. 2 9888 -0. 0 1 1 5 4  
3 2  2 4  9 1 3 1  2 4  8 0 80 1.94889 801.864 3 0  0.084 5 9  34 1 34 1 3 3  1 3 3  0 801 .13669 801.14756 -0.01087 
32 2 1  1 1  1 3 3  2 1  1 2  0 789.27659 789.2 2 1 9 3  0.05466 34 3 3 1  1 3 5  3 3 2  0 789. 7 2 9 2 7  789.74 2 1 0  -0.01283 
3 2  2 0  1 2  1 3 3  2 0  1 3  0 789.26919 789. 2 2 3 6 6  0.04 5 5 3  3 4  3 3 1  1 3 3  3 3 0  0 801. 5 9 1 1 3  801.60396 -0.01283 
32 1 9  1 3  1 3 3  1 9  1 4  0 789.2 6163 789.2 2 3 5 7  0.03806 34 3 3 2  1 3 3  3 3 1  0 801.43881 801.45089 -0.01207 
32 9 2 3  1 3 1  9 2 2  0 802.45760 802.48943 -0.03183 34 3 3 2  1 3 5  3 3 3  0 789.89 1 5 3  789.9 0 3 7 1  -0. 0 1 2 18 
3 2  1 8  1 4  1 3 3  2 0  1 3  0 777.88063 777. 8 5 0 1 0  0.0 3 0 5 3  3 4  4 3 0  1 3 5  4 3 1  0 789.56642 789. 5 7981 -0. 0 1 3 3 9  
3 2  1 0  2 2  1 3 1  1 0  2 1  0 80 2.47769 802.50827 -0.0 3 0 5 8  34 5 3 0  1 3 3  5 29 0 801.74545 801.75871 -0.0 1 3 2 5  
3 2  0 3 2  1 3 1  0 3 1  0 80 0.8 544 7 800.864 1 6  -0.00968 34 1 6  18 1 3 5  1 6  19 0 788.77146 788.763 1 1  0.00835 
32 1 3 1  1 3 1  1 3 0  0 80 1.00549 801.01583 -0 .01034 34 1 7  1 7  1 3 5  1 7  1 8  0 788. 79264 788.77599 0 .01665 
32 2 3 0  1 3 1  2 2 9  0 801.15724 801.1682 5 -0.0 1 1 0 1  34 5 2 9  1 3 3  5 28 0 801.90046 801.91614 -0. 0 1 5 68 
3 2  3 2 9  1 3 1  3 2 8  0 801.31039 8 0 1 . 3 2 1 8 7  -0.01148 34 1 1  2 4  1 3 3  1 1  2 3  0 802.5 7898 802.60183 -0.02285 
33 0 3 3  1 3 4  0 3 4  0 790.38675 790.39701 -0. 0 1 0 2 7  34 11 23 1 3 5  1 1  2 4  0 788.34578 788. 3 7 8 3 2  -0.03254 
33  1 3 2  1 3 4  1 3 3  0 790.22474 790.2 3 5 64 -0.01090 34 11 23 1 3 3  1 1  2 2  0 802.80377 802.83545 -0.03169 
33 1 3 3  1 3 2  1 3 2  0 800.99578 801.00607 -0 .01029 34 9 2 5  1 3 5  1 1  2 4  0 784. 3 6 0 2 0  784. 3 9 0 5 7  -0.03038 
33 2 3 1  1 3 2  2 30 0 801.29827 801.30978 -0.0 1 1 5 1  3 4  10 2 4  1 3 5  1 0  2 5  0 788.33865 788.3 7 5 3 6  -0.03671 
33 2 3 2  1 3 2  2 3 1  0 801.14660 801. 1 5 7 5 7  -0.01097 34 14 2 1  1 3 5  1 4  2 2  0 788. 7 1 2 5 2  788.71696 -0.00445 
3 3  3 3 0  1 3 2  3 29 0 80 1.45087 80 1.463 1 2  -0.0 1 2 2 5  34 9 2 5  1 3 3  9 2 4  0 802.70839 802.7 3 9 1 1  -0.0 3072 
33 3 30 1 3 4  3 3 1  0 789.90066 789.9 1281 -0.0 1 2 1 4  34 1 3  2 2  1 3 3  1 3  2 1  0 802.52368 802.5 3 5 3 9  -0.01171 
33  3 3 1  1 3 4  3 3 2  0 790.06284 790.074 3 5  -0.0 1 1 5 1  3 4  1 5  19 1 3 3  1 5  1 8  0 802.44695 802.44483 0.00 2 1 2  
3 3  4 29 1 3 4  4 30 0 789.73773 789.75048 -0.01274 34 15 19 1 3 5  1 5  2 0  0 788.74662 788.74393 0.00269 
33 5 29 1 3 2  5 28 0 801.60562 801.61826 -0.0 1 2 64 34 19 1 5  1 3 5  19 16 0 788.8 2 2 3 1  788.789 2 2  0.0 3 3 0 9  
3 3  5 2 8  1 3 2  5 2 7  0 801.763 1 2  801.77638 -0.0 1 3 2 5  3 4  0 34 1 3 3  0 3 3  0 801 .13669 801.14756 -0.01087 
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34 1 3 3  1 3 3  1 3 2  0 801.28734 801.29888 -0. 0 1 1 5 4  3 6  4 3 2  1 3 7  4 3 3  0 789.2 2 2 3 3  789.2 3 7 1 3  -0.01481 
3 5  0 3 5  1 3 4  0 34 0 801.27706 801.28861 ·0. 0 1 1 5 6  3 6  18 18 1 3 7  18 19 0 788.36204 788.34267 0.0 1 9 3 6  
3 5  0 3 5  1 3 6  0 3 6  0 790.04447 790.0 5 5 8 5  -0.0 1 1 3 8  3 6  1 3  2 3  1 3 7  1 3  2 4  0 788.14019 788.15940 -0.0 1921 
3 5  1 34 1 3 4  1 3 3  0 80 1.42 762 801.43976 ·0.0 1 2 1 4  3 6  1 4  2 2  1 3 7  1 4  2 3  0 788.2 3 1 7 6  788.244 2 1  -0.01245 
3 5  1 3 4  1 3 6  1 3 5  0 789.88199 789.89418 -0. 0 1 2 19 3 6  1 0  2 7  1 3 5  1 0  2 6  0 802.82 1 2 4  802.84771 -0.02647 
3 5  2 3 3  1 3 4  2 3 2  0 801.5 7883 801.59 1 5 6  ·0.0 1 2 7 3  3 6  2 4  1 2  1 3 5  2 4  1 1  0 802.67242 802.59986 0.0 7 2 5 6  
3 5  3 3 2  1 3 6  3 3 3  0 789. 5 5 7 5 3  789 . 5 7 0 9 7  -0.01344 3 6  9 2 8  1 3 5  9 2 7  0 802.66581 802.68870 -0.02 289 
3 5  3 3 2  1 3 4  3 3 1  0 801.7 3086 801.74439 -0. 0 1 3 5 2  3 6  2 0  1 6  1 3 5  2 0  1 5  0 802.71836 802.682 5 8  0.03 579 
3 5  3 3 3  1 3 6  3 3 4  0 789.71977 789.73 2 6 5  -0.01288 3 6  6 3 1  1 3 5  6 3 0  0 802.1 7941 802.19470 -0. 0 1 5 2 9  
3 5  4 3 1  1 3 6  4 3 2  0 789.39468 789.408 7 0  ·0.01401 3 6  1 3  24 1 3 5  1 3  2 3  0 802.92340 802.94242 -0.01902 
35 5 3 0  1 3 6  5 3 1  0 789. 2 2 8 3 5  789.24 5 14 -0.01679 3 6  1 3 5  1 3 5  1 3 4  0 801.56741 801.58021 -0.01 280 
3 5  5 3 1  1 3 4  5 3 0  0 80 1.88463 801.89877 -0 .01413 3 6  2 34 1 3 5  2 3 3  0 801.71827 801.73182 -0. 0 1 3 5 5  
3 5  1 1  2 4  1 3 4  1 1  2 3  0 803.04565 803.08382 ·0.0 3 8 1 7  3 7  0 3 7  1 3 8  0 3 8  0 789. 7 0 0 1 9  789.7 1 3 0 2  -0.01283 
35 8 2 7  1 3 6  8 2 8  0 788.69679 788. 7 2 0 1 4  -0.0 2 3 3 6  3 7  0 3 7  1 3 6  0 3 6  0 8 0 1 . 5 5 644 801.56943 -0.01 299 
3 5  1 4  2 1  1 3 6  1 4  2 2  0 788.47258 788.48141 ·0.00883 37 1 3 6  1 3 6  1 3 5  0 801.70662 801.72022 -0. 0 1 3 60 
3 5  1 5  2 0  1 34 15 19 0 802.64020 802.64 1 5 6  -0.0 0 1 3 7  3 7  1 3 6  1 38 1 3 7  0 789. 5 3 7 5 4  789. 5 5 1 0 6  -0.0 1 3 5 2  
3 5  1 7  1 8  1 3 4  1 7  1 7  0 802.58616 802.57189 0 .01427 3 7  2 3 5  1 3 6  2 34 0 801.8 5 7 5 5  801.87164 ·0.01409 
3 5  7 28 1 3 4  7 2 7  0 802.3665 5 802.38587 -0. 0 1 9 3 2  3 7  3 34 1 3 6  3 3 3  0 802.00912 802.02398 -0.01486 
3 5  9 2 7  1 3 4  9 2 6  0 802.52758 802 . 5 5 0 3 2  ·0.0 2 2 74 3 7  3 34 1 3 8  3 3 5  0 789.2 1 2 5 4  789. 2 2 74 2  -0.0 1488 
3 5  14 21 1 34 14 20 0 802.68071 802.68871 -0.00800 37 3 3 5  1 38 3 3 6  0 789.3 7 5 0 1  789.38928 -0.01427 
35 25 1 0  1 34 25 9 0 80 2.48434 802.39845 0 .08589 37 4 3 3  1 38 4 3 4  0 789.04966 789.0 6 5 1 3  -0.01 547 
3 5  2 6  9 1 34 26 8 0 802.47932 802.38147 0 .09785 3 7  5 3 2  1 3 6  5 3 1  0 802. 3 1 7 3 3  802.33348 ·0.0 1615 
3 5  1 0  2 5  1 3 4  1 0  2 4  0 803.0 5761 803.09494 -0.0 3 7 3 3  3 7  5 3 3  1 3 6  5 3 2  0 8 0 2 . 1 6 2 3 0  802.1 7769 -0.01539 
35  2 3 3  1 3 4  2 3 2  0 801.57883 801.59 1 5 6  ·0. 0 1 2 7 3  3 7  6 3 2  1 38 6 3 3  0 788.88591 788.90186 -0.01595 
35  2 3 3  1 3 4  2 3 2  0 801.57883 801.59 1 5 6  -0. 0 1 2 7 3  3 7  7 3 0  1 38 7 3 1  0 788. 5 4 7 2 0  788.56785 -0.02065 
35 0 3 5  1 3 4  0 3 4  0 801.27706 801.28861 ·0.0 1 1 5 6  3 7  1 5  2 2  1 3 8  1 5  2 3  0 788.04696 788.0 5414 ·0.00718 
35 1 3 4  1 3 4  1 3 3  0 8 0 1.42762 801.43976 -0.0 1 2 14 3 7  1 8  19 1 38 18 2 0  0 788. 1 3 6 1 8  788.11996 0 .01623 
35  4 3 1  1 3 4  4 3 0  0 80 1.88463 801.89877 -0.01414 3 7  10 2 7  1 3 8  1 0  2 8  0 787.87372 787. 9 1 1 1 8  -0. 0 3 746 
36 0 3 6  1 3 7  0 3 7  0 789.8724 7 789.88464 -0.0 1 2 1 7  3 7  8 29 1 3 6  8 28 0 802.8 1 2 0 5  802.83545 -0.02 340 
36 1 3 5  1 3 7  1 3 6  0 789. 7099 7 789. 7 2 2 8 3  ·0. 0 1 2 8 6  3 7  1 1  2 6  1 3 6  1 1  2 5  0 803.47478 8 0 3 . 5 1 9 5 1  -0.04473 
3 6  1 3 5  1 3 5  1 3 4  0 801.56741 801.580 2 1  -0. 0 1 2 8 0  3 7  7 3 0  1 38 9 2 9  0 780. 77436 780. 7 9 5 3 6  -0.02 099 
3 6  1 3 6  1 3 5  1 3 5  0 801.41714 801.42924 -0.0 1 2 1 0  3 7  2 0  1 7  1 3 6  2 0  1 6  0 802.90309 802.870 0 1  0.0 3 3 0 7  
3 6  2 3 4  1 3 5  2 3 3  0 801.7182 7 801.73182 ·0.0 1 3 5 4  3 7  1 3  2 5  1 3 6  1 3  24 0 803.12343 803.14504 -0. 0 2 1 60 
3 6  3 3 3  1 3 7  3 34 0 789.385 2 5  789. 39941 -0. 0 1 4 1 6  3 7  0 3 7  1 3 6  0 3 6  0 8 0 1. 5 5 644 801.56943 -0.0 1299 
36 4 3 2  1 3 5  4 3 1  0 802.02363 802.03843 ·0.01480 37 1 3 6  1 3 6  1 3 5  0 801.70662 801.72022 -0.0 1360 
36 1 7  19 1 3 5  1 7  18 0 802.77526 802.76386 0 .01140 37 2 3 5  1 3 6  2 34 0 801.8 5 7 5 5  80 1.87164 -0.01409 
36 2 34 1 3 7  2 3 5  0 789.54774 789. 5 6 1 1 7  ·0.01344 38 0 38 1 3 9  0 3 9  0 789. 5 2 749 789.54098 -0.01349 
3 6  4 3 3  1 3 5  4 3 2  0 801.87026 801.88439 -0.01413 38 1 3 7  1 3 7  1 3 6  0 80 1.84 5 5 6  801.85981 -0.0 1425 
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3 8  1 3 7  1 3 9  1 3 8  0 789.36463 789.37887 -0.01424 39 1 5  2 4  1 3 8  1 5  2 3  0 803.42844 803.44354 -0. 0 1 5 1 0  
3 8  1 38 1 3 7  1 3 7  0 80 1.695 4 1  801.70920 -0.0 1379 39 16 2 3  1 38 16 2 2  0 803.38079 803.387 5 7  -0.00678 
38 2 3 6  1 3 7  2 3 5  0 80 1.996 1 1  802.0 1 1 0 3  -0.01493 39 9 3 1  1 3 8  9 3 0  0 803.07265 803.09660 -0.02395 
3 8  3 3 5  1 3 7  3 34 0 802.147 5 1  802.16314 -0.0 1 5 6 3  3 9  0 39 1 3 8  0 38 0 80 1.83446 8 0 1.848 5 3  -0.01408 
38 3 3 5  1 3 9  3 3 6  0 789.039 3 3  789. 0 5 5 0 1  -0. 0 1 568 39 1 38 1 3 8  1 3 7  0 80 1.98403 80 1.99897 -0.01494 
38 3 3 6  1 3 9  3 3 7  0 789.20206 789.21696 -0.01489 39 3 3 6  1 3 8  3 3 5  0 802.28556 802.30188 -0.01632 
3 8  4 34 1 3 9  4 3 5  0 788.87634 788.89 2 7 0  -0.0 1 6 3 6  40 0 40 1 39 0 39 0 801.97246 8 0 1.98743 -0.01497 
38 1 1  2 8  1 3 9  1 1  29 0 787.85865 787.88878 -0. 0 3 0 1 3  40 0 40 1 4 1  0 4 1  0 789.18072 789. 19565 -0.01493 
38 4 34 1 3 7  4 3 3  0 802.300 1 6  802.3 1 6 5 5  -0.0 1639 40 1 39 1 4 1  1 40 0 789.01747 789.0 3 3 2 5  -0. 0 1 5 78 
3 8  1 6  2 2  1 3 9  16 2 3  0 787.85227 787.8 5 5 2 6  -0.00299 40 1 39 1 3 9  1 38 0 802.12 2 0 1  802.13 769 -0. 0 1 5 69 
3 8  5 3 3  1 3 7  5 3 2  0 802.4549 3 802.47188 -0.01696 40 2 38 1 39 2 3 7  0 802.2 7 2 1 2  802.28854 -0.0 1641 
38 24 14 1 3 9  24 15 0 787.98828 787.91904 0.06924 40 3 3 7  1 4 1  3 38 0 788.69 176 788.70892 -0. 0 1 7 1 7  
3 8  1 3  2 5  1 3 9  1 3  2 6  0 787.58043 787.61134 -0.0 3090 40 3 3 7  1 3 9  3 3 6  0 802.42263 802.44020 -0. 0 1 7 5 7  
3 8  9 3 0  1 3 9  9 3 1  0 788.19991 788. 2 2483 -0.02493 40 3 38 1 4 1  3 39 0 788.8 5466 788.87107 -0.0 1641 
38 6 3 2  1 3 7  6 3 1  0 802.611 5 0  802.63 0 1 7  -0.01867 40 5 3 5  1 3 9  5 34 0 802.72901 802.74 7 5 5  -0.01854 
3 8  1 1  2 7  1 3 7  1 1  2 6  0 803.648 1 2  803.69453 -0.04641 40 5 3 5  1 4 1  5 3 6  0 788.3 6484 788.38344 -0.01861 
38 1 4  2 4  1 3 7  14 23 0 803.29172 803. 3 1 1 5 1  -0.01979 40 4 3 6  1 4 1  4 3 7  0 788. 5 2 8 6 1  788. 5 4 6 5 2  -0.01791 
3 8  1 4  2 5  1 3 9  1 4  2 6  0 787.764 5 4  787.78 3 0 0  -0.01846 40 5 3 6  1 39 5 3 5  0 802 .57519 8 0 2 . 5 9 3 0 3  -0. 0 1 784 
38 7 3 1  1 3 7  7 3 0  0 802.77279 802.79 3 3 6  -0.0 2 0 5 7  40 7 34 1 3 9  7 3 3  0 802.88376 802.90454 -0.02078 
3 8  8 3 0  1 3 7  8 2 9  0 802.943 1 6  802.96686 -0. 0 2 3 7 0  40 9 3 1  1 4 1  9 3 2  0 787.67055 787.699 5 7  -0.02903 
3 8  9 3 0  1 3 7  9 29 0 802.93729 802.9 6 1 3 6  -0.02406 40 1 1  2 9  1 3 9  1 1  2 8  0 803.91146 803.9 5 7 3 5  -0.04589 
38 18 20 1 3 7  1 8  1 9  0 803.12869 803 . 1 1 5 2 5  0 .01343 40 2 4  16 1 39 24 1 5  0 803.39687 803.33481 0 .06206 
3 8  0 38 1 3 7  0 3 7  0 801.69541 801.709 2 0  -0.01379 40 14 26 1 4 1  14 27 0 787.19684 787.22646 -0.02962 
38 1 3 7  1 3 7  1 3 6  0 80 1.845 5 6  801.85981 -0.0 1425 40 2 4  1 6  1 4 1  24 17 0 787.54416 787.482 5 3  0.06163 
39 0 39 1 4 0  0 40 0 789.35418 789. 36852 -0.01434 40 1 2  2 9  1 4 1  1 2  3 0  0 787.3 5 3 04 787.38674 -0. 0 3 3 69 
3 9  1 38 1 3 8  1 3 7  0 80 1.984 0 3  801.99897 -0.01494 40 1 2  28 1 4 1  1 2  2 9  0 786.91888 786.9 7200 -0.0 5 3 1 2  
3 9  1 38 1 4 0  1 39 0 789. 19143 789.2 0 6 2 7  -0.0 1484 40 1 2  2 8  1 3 9  1 2  2 7  0 804.05 183 804.1042 1 -0. 0 5 2 3 8  
3 9  2 3 7  1 3 8  2 3 6  0 802.13429 802.15000 -0.0 1 5 7 1  40 1 0  3 0  1 39 10 29 0 803.61630 803.65182 -0.0 3 5 5 2  
3 9  3 3 6  1 4 0  3 3 7  0 788.865 7 3  788.88 2 1 8  -0.01645 40 2 7  1 3  1 4 1  2 7  14 0 787. 5 6 7 5 5  787.4 7 3 5 8  0.09397 
39 3 3 7  1 4 0  3 38 0 789.02854 789.0442 2  -0.01 569 40 23 1 7  1 39 2 3  1 6  0 803.40919 8 0 3 . 3 5 7 0 3  0.0 5 2 1 6  
3 9  4 3 5  1 4 0  4 3 6  0 788.702 7 6  788.71982 -0.01706 40 9 3 1  1 3 9  7 3 2  0 8 1 1 . 5 2 7 0 2  8 1 1 . 5 5 5 7 2  -0.02870 
39 4 3 6  1 3 8  4 3 5  0 802.284 5 8  802.30188 -0 .Dl 7 3 0  40 0 40 1 39 0 39 0 801.97246 80 1.98743 -0.01497 
39 5 3 5  1 3 8  5 34 0 802.43788 802.4 5 5 0 0  -0.0 1 7 1 2  4 1  0 4 1  1 40 0 40 0 802.10993 8 0 2 . 1 2 5 9 0  -0.0 1597 
3 9  5 34 1 3 8  5 3 3  0 802.592 14 802.60991 -0. 0 1 7 7 7  4 1  0 4 1  1 4 2  0 4 2  0 789.00669 789. 0 2 2 3 6  -0. 0 1 5 68 
3 9  1 0  29 1 4 0  10 3 0  0 787.59670 787.63 3 0 0  -0.03629 4 1  1 40 1 4 2  1 4 1  0 788.84 334 788.8 5981 -0.01647 
39 11 29 1 3 8  1 1  28 0 803.394 2 9  803.42614 -0.0 3 1 8 5  4 1  2 39 1 4 2  2 40 0 788.68034 788.69750 -0.0 1716 
3 9  2 8  1 1  1 4 0  28 1 2  0 787.793 3 3  787.68497 0 .10836 4 1  2 39 1 40 2 38 0 802.40943 8 0 2.42664 -0. 0 1 7 2 2  
3 9  1 2  2 8  1 40 1 2  29 0 787.549 2 0  787.58075 -0.0 3 154 4 1  2 40 1 40 2 39 0 802.25962 802.27599 -0.0 1636 
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4 1  3 3 8  1 4 2  3 39 0 788.5 1728 788. 5 3 5 2 4  -0.0 1797 4 2  1 3  2 9  1 43 1 3  3 0  0 786.44239 786.49802 -0. 0 5 5 6 3  
4 1  3 38 1 4 0  3 3 7  0 802.56014 8 0 2 . 5 7809 -0.0 1795 4 2  19 23 1 4 1  1 9  2 2  0 803.8 5 3 3 6  803.84 5 7 3  0.00764 
4 1  4 3 7  1 4 2  4 38 0 788.35402 788. 3 7 2 7 8  -0.01876 4 2  1 7  2 6  1 4 3  1 7  2 7  0 786.94 7 3 7  786.9 5679 -0.00942 
4 1  4 3 7  1 4 0  4 3 6  0 802.71205 802.73065 -0.01860 4 2  2 6  1 6  1 43 26 1 7  0 787. 1 1 7 3 9  787.04 0 5 7  0.07681 
4 1  5 3 6  1 4 0  5 3 5  0 802.865 2 5  8 0 2 .88479 -0 .01954 4 2  2 7  1 5  1 4 3  2 7  1 6  0 787. 1 2 6 3 1  787.0 3 7 5 9  0.08873 
41 5 36 1 4 2  5 3 7  0 788.19024 788.2 0974 -0.01949 4 2  14 29 1 4 1  1 4  2 8  0 804.0642 3 804.0 9 9 1 0  -0.03486 
41 6 3 5  1 4 0  6 34 0 803.01901 803.04 1 2 5  -0.0 2 2 2 3  4 2  1 2  3 1  1 4 3  1 2  3 2  0 786.9 8 0 3 0  787.01648 -0.03618 
4 1  9 3 3  1 4 2  9 34 0 787.6840 1 787.70966 -0.0 2 5 6 6  4 2  9 3 3  1 4 1  9 3 2  0 803.64475 803.67483 -0.03008 
4 1  2 6  1 5  1 4 0  2 6  14 0 803.55657 803.47604 0.08 0 5 3  4 3  0 4 3  1 44 0 44 0 788. 6 5 7 3 7  788.6 7454 -0. 0 1 7 1 7  
4 1  1 1  3 1  1 4 2  1 1  3 2  0 787.32594 787.3 5 8 3 0  -0.0 3 2 3 6  4 3  0 4 3  1 4 2  0 4 2  0 802.38433 802.4 0 1 5 5  -0.0 1 7 2 1  
4 1  1 0  3 1  1 4 2  1 0  3 2  0 787.29534 787.3 2 9 2 8  -0.0 3 3 9 3  4 3  1 4 2  1 44 1 4 3  0 788.4 9 3 6 2  788. 5 1 1 69 -0.01808 
41 2 0  2 1  1 4 2  2 0  2 2  0 787.26618 787.2 4 5 7 3  0 . 0 2 0 4 5  4 3  1 4 2  1 4 2  1 4 1  0 802. 5 3 3 3 2  802. 5 5 1 2 8  -0.01796 
41 1 9  2 2  1 4 2  19 2 3  0 787.24469 787.2 3 3 1 5  0.0 1 1 5 4  4 3  2 4 1  1 4 2  2 40 0 802.68274 802.70 1 5 6  -0.0 1882 
41 9 3 2  1 4 0  9 3 1  0 803.5 1 5 1 8  803.54507 -0.02989 4 3  3 40 1 44 3 4 1  0 788.16697 788.18663 -0.01966 
41 2 6  1 5  1 4 2  2 6  1 6  0 787.34022 787.25954 0 .08068 4 3  3 4 0  1 4 2  3 39 0 802.8 3 3 0 3  802.8 5 2 5 8  -0.0 1956 
41 1 4  2 7  1 4 0  1 4  2 6  0 803.95745 803.99 3 3 1  -0 .03586 4 3  3 4 1  1 44 3 4 2  0 788.3 3 0 2 5  788.349 1 1  -0.01886 
41 3 3 8  1 4 0  3 3 7  0 802.56014 8 0 2 . 5 7809 -0.01795 4 3  5 3 9  1 4 2  5 3 8  0 802.98429 803.00463 -0.0 2 0 34 
4 2  0 42 1 4 3  0 4 3  0 788.83223 788.84866 -0.01643 4 3  4 3 9  1 44 4 4 0  0 788.00369 788.02403 -0.0 2034 
4 2  0 4 2  1 4 1  0 4 1  0 802.247 5 5  802.26394 -0.01639 4 3  5 3 8  1 44 5 3 9  0 787.83980 787.86099 -0.02119 
4 2  1 4 1  1 4 1  1 40 0 802.39666 802.41385 -0 .01719 4 3  5 3 8  1 4 2  5 3 7  0 8 0 3 . 1 3 7 0 1  8 0 3 . 1 5 8 0 9  -0.0 2 1 08 
42 1 4 1  1 4 3  1 42 0 788.66879 788.68 596 -0. 0 1 7 1 7  4 3  16 2 7  1 44 1 6  28 0 786.64 2 1 8  786.66570 -0.0 2 3 5 2  
4 2  3 3 9  1 4 1  3 38 0 802.69691 802.7 1 5 5 5  -0.01864 43 10 34 1 44 1 0  3 5  0 787.15943 787. 1 9 0 5 8  -0.03 1 1 6  
4 2  3 39 1 4 3  3 40 0 788.34243 788. 3 6 1 1 5  -0.01871 4 3  6 3 7  1 44 6 38 0 787.67514 787.69704 -0.02 189 
42 3 40 1 4 3  3 4 1  0 788.50556 788.5 2 3 5 1  -0 .01796 4 3  2 1  2 2  1 44 2 1  2 3  0 786.82749 786.80 5 5 7  0.0 2 192 
4 2  3 40 1 4 1  3 39 0 802.5463 5 802.56432 -0.0 1 79 6  4 3  19 2 4  1 44 19 25 0 786.78143 786.77693 0.00450 
4 2  4 38 1 4 1  4 3 7  0 80 2.84834 802.86785 -0.0 1 9 5 1  4 3  2 3  2 0  1 4 2  2 3  19 0 803.95422 803.9 1 1 4 0  0.04282 
42 4 38 1 4 3  4 39 0 788.17909 788.19862 -0. 0 1 9 5 3  4 3  1 4 2  1 4 2  1 4 1  0 802. 5 3 3 3 2  802.5 5 1 2 8  -0.01796 
4 2  5 3 7  1 4 1  5 3 6  0 803.00143 8 0 3 . 0 2 1 64 -0. 0 2 0 2 1  4 4  0 44 1 4 3  0 4 3  0 8 0 2 . 5 2 080 802.53872 -0.01792 
4 2  5 3 7  1 4 3  5 38 0 788.0 1543 788. 0 3 5 5 8  -0. 0 2 0 1 5  4 4  0 44 1 4 5  0 4 5  0 788.48 2 0 1  788. 5 0 0 0 1  -0.0 1800 
42 2 2  2 0  1 4 3  2 2  2 1  0 787.07350 787.03709 0 .03641 44 2 4 2  1 43 2 4 1  0 802.81883 802.8 3 8 3 7  -0.01954 
4 2  2 1  2 1  1 4 3  2 1  2 2  0 787.05665 787.03046 0.02619 44 2 4 3  1 43 2 4 2  0 802.66945 802.68828 -0.01883 
42 8 34 1 4 3  8 3 5  0 787. 5 09 1 1  787. 5 3 6 5 2  -0. 0 2 74 1  44 3 4 1  1 4 5  3 4 2  0 787.9 9 1 3 0  788. 0 1 1 6 9  -0.02040 
42 18 2 5  1 4 1  1 8  2 4  0 803.885 1 4  803.88503 0.00011 44 3 4 2  1 45 3 4 3  0 788. 1 5470 788.17429 -0.0 1959 
42 25 17 1 4 1  2 5  16 0 80 3.7465 2 803.67969 0.06683 44 5 4 0  1 4 3  5 39 0 803.11983 803.14098 -0. 0 2 1 1 5  
4 2  1 1  3 1  1 4 1  1 1  30 0 804.10738 804. 1 5 1 0 5  -0.04368 44 1 4 3  1 4 5  1 44 0 788.3 1819 788. 3 3 7 0 1  -0.01882 
42 16 26 1 4 1  1 6  2 5  0 803.972 5 1  803.99 0 1 2  -0. 0 1 7 6 1  4 4  4 40 1 4 5  4 4 1  0 787.82 784 787.8490 1  -0. 0 2 1 18 
4 2  1 5  2 8  1 4 3  1 5  29 0 786.84869 786.8 7 5 0 2  -0.0 2 6 3 3  4 4  5 3 9  1 4 5  5 40 0 787.66381 787.685 9 6  -0.0 2 2 14 
4 2  1 4  29 1 4 3  14 30 0 786.81775 786.8 5 1 9 5  -0.0 3420 44 5 3 9  1 43 5 38 0 8 0 3 . 2 7 2 0 0  8 0 3 . 2 9 4 1 3  -0. 0 2 2 1 3  
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Frequency Frequency Differences 
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' )" Ka'' K," v" 
Frequency Frequency Differences 
( cm-1) (cm·l) (cm·l) 
44 3 4 1  1 43 3 4 0  0 802.9 6873 802.98919 -0.02046 46 5 4 1  1 4 7  5 42 0 787.3 1079 787.33459 -0.02380 
44 1 0  3 5  1 4 5  1 0  3 6  0 786.98640 787. 0 1 7 3 9  -0.0 3099 46 5 42 1 4 5  5 4 1  0 803.38937 803.41243 -0.02306 
44 2 4  2 0  1 4 3  2 4  1 9  0 804.1 1978 804. 0 7 0 1 6  0.04962 46 7 40 1 4 5  7 3 9  0 803.694 5 7  803.71920 -0.02463 
44 10 3 4  1 4 3  1 0  3 3  0 804.08540 804.1 2 0 5 6  -0.0 3 5 1 7  46 2 44 1 47 2 4 5  0 787.8 0 2 1 4  787.82340 -0. 0 2 1 2 5  
4 4  18 26 1 4 3  18 25 0 804.2 6646 804.27478 -0. 0 0 8 3 2  46 6 40 1 47 6 4 1  0 787.14603 787.17083 -0.02480 
44 17 28 1 4 5  1 7  2 9  0 786.46724 786.484 2 2  -0.01698 46 9 3 7  1 4 7  9 38 0 786.63654 786.66889 -0. 0 3 2 3 5  
44 28 1 6  1 4 5  2 8  17 0 786.68985 786. 5 9 5 6 0  0.0942 5  46 1 6  3 1  1 47 16 3 2  0 785.9 2 3 5 5  785.95846 -0.03492 
44 0 44 1 4 3  0 4 3  0 802.5 2080 8 0 2 . 5 3 8 7 2  -0. 0 1 7 9 2  46 21 25 1 47 21 2 6  0 786. 1 3 54 3  786. 1 2 3 7 3  0 .01170 
4 5  0 4 5  1 46 0 4 6  0 788.30629 788. 3 2 5 0 6  -0.01877 46 14 32 1 4 7  14 3 3  0 785.4 9 5 1 2  785 .56295 -0.06783 
45 1 44 1 44 1 4 3  0 802.805 2 5  802.82484 -0. 0 1 9 5 9  46 22 25 1 45 2 2  2 4  0 804. 5 1946 804.4983 6  0.02109 
45 1 44 1 46 1 4 5  0 788.142 2 0  788. 1 6 1 9 1  -0. 0 1 9 7 1  46 9 3 7  1 4 5  9 3 6  0 804.16685 804. 2 0 0 7 3  -0.03388 
4 5  1 4 5  1 44 1 44 0 802.65667 802.67546 -0.01880 46 14 32 1 4 5  1 4  3 1  0 805.18118 80 5.24994 -0.06876 
45 2 4 3  1 44 2 42 0 802.95444 802.974 7 5  -0.0 2 0 3 1  4 6  1 2  34 1 4 5  1 2  3 3  0 804.78966 804.840 1 2  -0.05046 
45 3 4 2  1 44 3 4 1  0 803.1040 5 803. 1 2 5 3 6  -0. 0 2 1 3 1  4 6  1 5  3 1  1 4 7  1 5  3 2  0 785.62883 785.684 1 2  -0. 0 5 5 29 
4 5  5 4 0  1 4 6  5 4 1  0 787.487 5 5  787.51049 -0.02294 47 0 47 1 48 0 48 0 787.9 5 3 4 5  787.9 7392 -0.02 048 
4 5  5 4 0  1 44 5 39 0 80 3.406 5 7  803.42976 -0. 0 2 3 1 9  47 1 46 1 48 1 47 0 787.789 1 5  787.81047 -0.0 2 1 3 2  
4 5  5 4 1  1 44 5 40 0 803.25474 803.27692 -0. 0 2 2 1 8  47 1 46 1 4 6  1 4 5  0 803.0 7 5 3 9  803.09667 -0.02128 
4 5  2 4 3  1 46 2 44 0 787.97861 787.99 9 0 5  -0.02 044 47 1 47 1 46 1 46 0 802.9 2 7 3 0  802.94765 -0.0 2 0 3 5  
4 5  3 4 2  1 4 6  3 43 0 787.81498 787.8 3 6 3 4  -0.0 2 1 3 6  4 7  3 44 1 46 3 4 3  0 803.37343 803.39642 -0.02299 
4 5  1 6  3 0  1 4 6  1 6  3 1  0 786.1 679 3 786.19878 -0.03085 47 3 44 1 48 3 4 5  0 787.4 6 1 2 6  78 7.4843 7  -0.0 2 3 1 1  
4 5  6 3 9  1 44 6 38 0 803.5 6 0 5 5  803.58438 -0.02383 47 3 4 5  1 46 3 44 0 803.22402 803.246 2 1  -0.0 2 2 19 
4 5  6 3 9  1 46 6 40 0 787.3 2295 787.34669 -0. 0 2 3 7 3  47 3 4 5  1 48 3 46 0 787. 6 2 5 0 0  787.64 7 3 3  -0.0 2 2 3 2  
4 5  1 2  3 4  1 46 1 2  3 5  0 786.447 5 6  786.48772 -0.040 1 6  47 5 43 1 46 5 4 2  0 803. 5 2 3 6 3  803.547 5 1  -0.0 2389 
4 5  1 7  2 8  1 46 1 7  29 0 786.2 1 5 6 1  786. 2 3 8 1 6  -0.0 2 2 5 5  47 6 42 1 48 6 4 3  0 787. 1 3 3 3 8  787.1 5826 -0.02488 
45 10 35 1 4 6  1 0  3 6  0 786.629 3 9  786.664 5 7  -0. 0 3 5 1 8  47 7 4 1  1 46 7 40 0 803.8 2 7 7 3  803.8 5 3 6 3  -0.0 2 590 
45 14 32 1 4 6  14 3 3  0 786.159 7 2  786.20346 -0.04374 47 5 4 2  1 46 5 4 1  0 803.67486 803.69978 -0.02492 
45 27 19 1 44 2 7  1 8  0 804.26207 804. 18198 0.08 0 1 0  47 4 43 1 48 4 44 0 787. 2 9 7 3 7  787.32143 -0.02406 
45 14 3 1  1 44 14 3 0  0 804.9 5 5 5 0  805.01 784 -0.0 6234 47 7 40 1 48 7 4 1  0 786.8 0 1 2 8  786.82977 -0.02849 
4 5  9 3 6  1 44 9 3 5  0 804.0 3 7 1 3  804.06888 -0.0 3 1 7 5  47 7 4 1  1 48 7 4 2  0 786.96889 786.994 5 3  -0.02565 
45 0 4 5  1 44 0 44 0 802.65667 802.67546 -0.01880 47 1 6  3 1  1 48 1 6  3 2  0 785.5 5 7 6 1  785.60338 -0.04 577 
4 6  0 46 1 4 7  0 47 0 788. 1 3 0 0 5  788. 14970 -0.01965 47 12 3 6  1 4 6  1 2  3 5  0 804.63799 804.67904 -0.04 105 
46 1 4 5  1 4 5  1 44 0 80 2.940 5 4  802.96097 -0.0 2043 47 9 38 1 48 9 3 9  0 786.46009 786.49385 -0.0 3376 
46 1 4 5  1 47 1 46 0 787.9 6607 787.98640 -0.02 0 3 3  4 7  8 40 1 46 8 39 0 803.98074 804.00967 -0.02893 
4 6  1 46 1 4 5  1 4 5  0 802.79218 802.8 1 1 7 7  -0.01960 47 40 7 1 48 40 8 0 786. 1 3 1 1 2  785.87608 0 .25503 
4 6  2 44 1 4 5  2 43 0 80 3.089 3 1  8 0 3 . 1 1 0 7 0  -0.0 2 1 3 9  47 3 0  1 7  1 48 30 18 0 786.03618 785.9 2 7 5 1  0.10868 
46 3 4 3  1 4 5  3 42 0 803.2 3898 803.2 6 1 1 1  -0.0 2 2 1 2  47 1 5  3 3  1 48 1 5  34 0 785.67540 785.72263 -O.Q4723 
46 4 4 2  1 4 7  4 43 0 787.47472 787.49 7 7 1  -0. 0 2 2 9 9  47 1 0  38 1 46 10 3 7  0 804.29876 804. 3 3 2 3 6  -0.03360 
46 5 4 1  1 4 5  5 40 0 803.54109 803.56498 -0.0 2 389 48 0 48 1 49 0 49 0 787.77645 787.79773 -0.02128 
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48 0 48 1 4 7  0 4 7  0 803.06191 803.08309 -0. 0 2 1 1 9  49 12 3 8  1 48 12 37 0 804.89 S 0 7  804.9 3691 -0.04184 
48 3 4 5  1 49 3 46 0 787.28380 787.3 0 7 7 6  -0.02 396 49 18 31 1 48 18 3 0  0 80S.24303 8 0 5 . 2 7443 -0.03140 
48 3 46 1 4 7  3 4 5  0 803.35824 803.38129 -0.0 2 3 0 5  4 9  1 5  3 4  1 48 15 33 0 805 .73392 805.81034 -0.07642 
48 4 44 1 4 7  4 4 3  0 803.6573 6 803.68 2 1 7  -0.02480 49 1 0  3 9  1 48 1 0  38 0 804.72 580 804.76 3 1 7  -0. 0 3 7 3 6  
48 4 4 5  1 4 7  4 44 0 803.50719 803. 5 3 1 3 0  -0.02 4 1 1  5 0  1 49 1 5 1  1 5 0  0 787.2 5616 787.28019 -0.02403 
48 5 4 3  1 4 7  5 4 2  0 803.808 5 6  803.83416 -0.0 2 560 s o  1 49 1 49 1 48 0 803.47718 8 0 3 . S 0 1 1 6  -0.02398 
48 1 47 1 49 1 48 0 787.61197 787.63 4 1 2  -0.0 2 2 1 6  5 0  1 s o  1 49 1 49 0 8 0 3 . 3 2 9 S S  803.3 S 2 68 -0.0 2 3 1 2  
48 2 47 1 4 7  2 46 0 803.20969 803.23 194 -0.02 2 2 4  s o  3 4 7  1 49 3 46 0 803.77 384 803.79976 -0. 0 2 S 9 3  
48 4 44 1 49 4 4 5  0 787.119 7 0  787.14472 -0. 0 2 5 0 2  5 0  s 46 1 49 s 45 0 803.9 2 3 S l  803.9 S 0 1 9  -0.02668 
48 5 4 3  1 49 5 44 0 786.95582 786.98 1 5 0  -0.0 2568 s o  3 48 1 49 3 47 0 803.62 S 1 7  8 0 3 . 6 S 0 1 S  -0.02497 
48 6 4 2  1 49 6 4 3  0 786.791 1 4  786.81779 -0.02 664 50 s 4 5  1 49 s 44 0 804.07404 804. 1 0 1 6 6  -0. 0 2 762 
48 6 4 2  1 4 7  6 4 1  0 803.961 1 1  803.98766 -0.02 6 5 5  s o  4 4 7  1 S l  4 48 0 786.9 2 740 786.9 5 3 2 9  -0.02S90 
48 1 8  3 1  1 4 7  18 30 0 805.041 2 4  805.06662 -0. 0 2 5 3 8  s o  4 4 6  1 5 1  4 47 0 786.762S9 786.7900S -0.02 746 
48 12 37 1 4 7  1 2  3 6  0 804.76698 804.808 2 6  -0.04128 s o  6 4 S  1 S l  6 46 0 786.59893 786.62670 -0.02777 
48 2 4  2 4  1 49 2 4  2 5  0 785.73487 785.70038 0.03449 s o  6 44 1 5 1  6 4S 0 786.43440 786.46298 -O.Q28S8 
48 14 3 4  1 4 7  1 4  3 3  0 805.54662 805.62 0 3 7  -0.07374 s o  6 44 1 49 6 4 3  0 804. 2 2 5 8 7  804.2 S450 -0.02863 
48 1 7  3 1  1 49 1 7  3 2  0 785.44086 785.47875 -0. 0 3 789 so 2 48 1 S l  2 49 0 787.09176 787. 1 1662 -0.02487 
48 14 35 1 49 14 36 0 785.56867 785.61880 -0.0 5 0 1 2  s o  7 4 3  1 5 1  7 44 0 786.2 6724 786.2 9852 -0.0 3 1 28 
48 1 5  3 4  1 4 7  1 5  3 3  0 805.161 3 8  805.2 1 1 7 7  -0.0 5039 5 0  1 6  3 5  1 S l  1 6  3 6  0 784.9 7 5 S 2  785.0 2 9 2 7  -0.0 5 3 7 S  
49 0 49 1 5 0  0 s o  0 787.59894 787.62 1 1 3  -0. 0 2 2 1 8  so 1 0  4 0  1 5 1  1 0  4 1  0 78S.7SS40 78S.79389 -0.038SO 
49 1 48 1 5 0  1 49 0 78 7.434 1 4  787.4 5 7 3 6  -0. 0 2 3 2 2  so 19 31 1 S l  19 3 2  0 785.09987 7 8 5 . 1 2 5 6 2  -0.02 S76 
49 2 4 7  1 48 2 46 0 803.49 1 9 2  803.5 1 5 9 3  -0.0 2402 s o  0 s o  1 S l  0 S l  0 787.42079 78 7.444 1 1  -0.02 3 3 2  
49 3 46 1 5 0  3 47 0 787.10582 787. 13074 -0.02492 s o  1 0  4 0  1 49 1 0  39 0 804.8 S 3 6 S  804.89289 -0.03924 
4 9  3 46 1 48 3 4 S  0 803.640 9 2  803.66 S 7 S  -0.02483 s o  l S  3 6  1 49 l S  3 S  0 8 0 S.48924 80S.S44 1 S  -0.05492 
49 3 47 1 s o  3 48 0 787.2 7002 787.29394 -0.0 2 3 9 2  5 0  3 1  1 9  1 49 31 18 0 8 0 S . 1 0 S 1 3  804.99444 0 .11068 
4 9  s 44 1 48 5 43 0 803.94 1 4 3  803.96812 -0.02669 5 0  2 4  2 6  1 S l  2 4  2 7  0 78S.27189 78S.24506 0 .02683 
49 5 4 S  1 48 s 44 0 803.79060 803.81639 -0.0 2 5 79 5 1  0 S l  1 S 2  0 5 2  0 787.24263 787.26667 -0.02404 
49 1 48 1 48 1 47 0 803.343 7 2  803.36677 -0.02304 S l  0 S l  1 s o  0 so 0 8 0 3.46280 80 3.48682 -0.02402 
49 4 4 S  1 s o  4 46 0 786.94169 786.96760 -0.02 S90 Sl 1 s o  1 s o  1 49 0 803.61018 803.63 S 1 2  -0.02494 
49 5 44 1 s o  s 4S 0 786.77726 786.80 4 3 1  -0.0 2 7 0 S  S l  1 s o  1 S 2  1 5 1  0 787.07774 787. 1 0 2 6 0  -0.02486 
49 6 4 3  1 s o  6 44 0 786.6 1 2 9 S  786.640 6 0  -0.0276S S l  2 49 1 5 0  2 48 0 803.7S798 803.78392 -0.02 S 9 S  
49 6 4 3  1 48 6 42 0 804.09 3 7 1  804. 1 2 1 2 9  -0.0 2 7 S 7  S l  3 48 1 s o  3 47 0 803.9064S 803.9 3 3 3 S  -0.02 689 
49 7 4 2  1 s o  7 4 3  0 786.44S 6 7  786.47606 -0.03039 Sl  3 48 1 5 2  3 49 0 786.7486S 786.77S43 -0.02678 
49 0 49 1 48 0 48 0 803.19S98 803.21810 -0. 0 2 2 1 2  5 1  3 49 1 5 2  3 5 0  0 786. 9 1 3 3 7  786.93889 -0.02 5 5 2  
49 14 35 1 s o  1 4  3 6  0 784.94346 78S.0 1 7 7 2  -0.074 2 6  5 1  s 46 1 s o  5 45 0 804.20588 804.2 3478 -0.02890 
49 13 36 1 s o  1 3  3 7  0 78S.282 1 2  785.34168 -O.O S 9 S 6  5 1  s 47 1 5 0  s 46 0 804.0 5 S 8 1  804.08 3 5 6  -0.02 774 
49 25 2 4  1 48 2 5  2 3  0 805.003 0 0  804.96142 0.04 1 5 8  5 1  7 4 S  1 5 0  7 44 0 804. 3 5 769 804. 3 8 7 3 1  -0.02962 
49 1 3  3 7  1 5 0  1 3  3 8  0 78S.S64 1 8  78S.61062 -0.04644 51 4 4 7  1 5 2  4 48 0 786.584 3 S  786.6 1 2 0 8  -0.0 2 7 7 3  
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5 1  6 46 1 5 2  6 47 0 786.4 1988 786.44866 -0.02878 5 3  1 7  3 6  1 5 2  1 5  3 7  0 8 1 2.14970 8 1 2 . 2 2 7 1 8  -0.07747 
5 1  6 4 5  1 5 2  6 46 0 786. 2 5 5 2 6  786.28492 -0.02966 53 18 3 6  1 5 2  1 8  3 5  0 806.0 2 5 5 4  806.07785 -0. 0 5 2 3 0  
5 1  2 1  3 0  1 5 2  2 1  3 1  0 784.9 5 1 1 0  784.9 6 0 5 6  -0.00946 53 19 34 1 5 2  1 9  3 3  0 805.97108 806.0 1368 -0.04260 
5 1  2 3  2 8  1 5 0  2 3  2 7  0 805.40966 805.39807 0. 0 1 1 5 9  54 0 54 1 5 3  0 5 3  0 803.85981 80 3.88663 -0.02 682 
5 2  0 5 2  1 5 3  0 5 3  0 787.06388 787.08882 -0.02494 54 0 54 1 5 5  0 5 5  0 786.70493 786.73188 -0.02695 
52 0 5 2  1 5 1  0 5 1  0 803.59563 803.62 0 5 3  -0.02490 54 1 5 3  1 5 5  1 54 0 786. 5 3 9 6 2  786. 5 6 7 3 5  -0.02773 
52 2 5 0  1 5 3  2 5 1  0 786.73387 786.76074 -0.02687 54 2 5 2  1 5 3  2 5 1  0 804. 1 5 39 0  804.18264 -0.0 2875 
52 2 5 0  1 5 1  2 49 0 803.89 0 3 6  803.9 1 7 2 7  -0.02691 54 3 5 1  1 5 3  3 5 0  0 804. 3 0 1 7 1  804. 3 3 149 -0.02977 
52 3 49 1 5 3  3 5 0  0 786.569 3 7  786.59 7 1 5  -0.02779 54 3 5 1  1 5 5  3 5 2  0 786. 2 0 9 5 6  786.2 3 9 3 5  -0.02979 
5 2  5 48 1 5 1  5 47 0 804.18765 804.21649 -0.02 884 54 3 5 2  1 5 5  3 5 3  0 786.37447 786.4 0 3 2 1  -0.02874 
5 2  7 4 6  1 5 1  7 4 5  0 804.48913 804 . 5 1 9 7 0  -0.0 3 0 5 7  54 4 5 0  1 5 5  4 5 1  0 786.04494 786. 0 7 5 6 7  -0.03073 
52 3 49 1 5 1  3 48 0 804.03871 804.06649 -0.02779 54 5 49 1 5 3  5 48 0 804.59969 804.6 3 1 5 6  -0.03187 
52 4 48 1 5 3  4 49 0 786.40490 786.4 3 3 7 0  -0.02880 54 6 49 1 5 5  6 5 0  0 785.88008 785.9 1 2 0 1  -0.03193 
52 1 5 1  1 5 3  1 5 2  0 786.89872 786.92460 -0.0 2 588 54 7 48 1 5 3  7 4 7  0 804. 7 5 0 3 8  804.783 2 2  -0.03284 
5 2  5 4 7  1 5 3  5 48 0 786.24042 786.2 7 0 2 0  -0.02978 54 5 5 0  1 5 3  5 49 0 804.4 5 0 2 8  804.481 0 6  -0.0 3079 
5 2  5 4 7  1 5 1  5 46 0 804. 3 3 7 7 2  804.36747 -0.02974 54 1 5 3  1 5 3  1 5 2  0 804.00652 804.03439 -0.02 788 
5 2  7 4 6  1 5 3  7 47 0 786.07571 786.10643 -0.0 3 0 7 2  54 6 48 1 5 5  6 49 0 785. 7 1 5 1 2  785.748 1 6  -0.0 3303 
52  21  31  1 5 1  2 1  3 0  0 80 5.66284 8 0 5 .67688 -0.0 1404 54 1 7  3 7  1 5 3  1 7  3 6  0 806.56176 806.64819 -0.08643 
5 2  9 44 1 5 1  9 43 0 804.79699 804.82966 -0.0 3 2 6 6  54 25 2 9  1 5 5  2 5  3 0  0 784. 3 5 5 1 2  784. 3 3 5 4 2  0.0 1971 
52 7 4 5  1 5 3  7 46 0 785.9 1046 785.94208 -0. 0 3 1 6 1  54 1 7  3 7  1 5 5  1 7  3 8  0 783.63443 783.72 2 3 0  -0.08787 
5 2  1 8  3 4  1 5 3  1 8  3 5  0 784.4 7940 784 . 5 2 846 -0.04906 54 1 6  3 8  1 5 5  1 6  3 9  0 783.62014 783. 7 1 5 6 5  -0.09 5 5 0  
5 2  1 8  3 5  1 5 1  1 8  34 0 80 5.8292 3 805.87564 -0.04641 54 3 2  2 2  1 5 3  3 2  2 1  0 805.79 2 3 1  80 5.683 2 0  0.10911 
52 9 4 3  1 5 3  9 44 0 785.57129 785.60966 -0.0 3 8 3 7  54 44 1 0  1 5 3  4 4  9 0 805.79 5 1 7  805.494 5 0  0.30067 
5 3  0 5 3  1 5 4  0 54 0 786.88468 786.9 1 0 5 6  -0.02588 54 1 1  4 3  1 5 5  1 1  44 0 784.86670 784.9 1 1 6 0  -0.04490 
5 3  1 5 2  1 54 1 53 0 786.71932 786.74618 -0.02686 55 0 5 5  1 5 6  0 5 6  0 786.52480 786. 5 5 2 79 -0.02 799 
5 3  2 5 1  1 5 2  2 5 0  0 804. 0 2 2 2 2  804.0 5 0 1 7  -0.02795 55 0 5 5  1 54 0 54 0 803.99 1 1 2  804.01904 -0.02792 
53 3 5 0  1 5 2  3 49 0 804. 1 7 0 3 1  804.199 2 1  -0.02890 55 1 54 1 54 1 5 3  0 804.13769 804.16661 -0.02893 
5 3  3 5 0  1 5 4  3 5 1  0 786.38963 786.41846 -0.02883 55 1 54 1 5 6  1 5 5  0 786.3 5924 786.388 1 0  -0.02886 
53 3 5 1  1 5 4  3 5 2  0 786.55435 786. 5 8 2 1 8  -0.02783 55 2 5 3  1 54 2 5 2  0 804.28483 804.31468 -0.02985 
53 4 49 1 5 4  4 so 0 786.2 2519 786.25489 -0.02970 55 3 5 2  1 5 4  3 5 1  0 804.4 3 2 4 7  804.4 6 3 3 3  -0.03086 
53 5 49 1 5 2  5 48 0 804.31918 804.34899 -0.02982 55 3 5 2  1 5 6  3 5 3  0 786.0 2 9 0 1  786.0 5983 -0.03081 
53 1 5 2  1 5 2  1 5 1  0 803.87500 803.90 1 74 -0 .02674 5 5  3 5 3  1 5 6  3 54 0 786.19403 786. 2 2 3 8 1  -0.02978 
53 1 5 3  1 5 2  1 52 0 803.7 2787 803.75380 -0.0 2 5 9 3  5 5  5 5 0  1 54 5 49 0 804. 7 3 0 0 2  804.76297 -0.03294 
53 6 4 7  1 5 4  6 48 0 785.89573 785.92 7 5 1  -0. 0 3 178 55 5 5 1  1 54 5 5 0  0 804.58078 804. 6 1 2 7 0  -0.03192 
5 3  5 48 1 5 4  5 49 0 786.06043 786.09 1 3 1  -0.03089 55 6 5 0  1 5 6  6 5 1  0 785.69930 785.7 3 2 2 8  -0.03298 
53 9 44 1 5 4  9 45 0 785.39100 785.4 3 1 2 0  -0.04020 55 7 49 1 54 7 48 0 804.88029 804.9 1 4 3 5  -0.03407 
53 5 48 1 5 2  5 47 0 804.46886 804.49973 -0.03087 55 4 5 1  1 5 6  4 5 2  0 785.86420 785.89603 -0.0 3 183 
5 3  6 4 7  1 5 2  6 46 0 804.61987 804. 6 5 1 6 7  -0. 0 3 180 55 6 49 1 5 6  6 5 0  0 785. 5 3 4 3 1  785.56838 -0.03407 
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5 5  1 1  44 1 5 6  1 1  45 0 784.68584 784. 7 3 3 3 6  -0.04753 5 7  6 5 1  1 5 8  6 5 2  0 785. 1 7 1 2 7  785.20754 -0.03628 
5 5  7 48 1 5 6  7 49 0 785.3672 7 785.40408 -0.03681 5 7  6 5 1  1 5 6  6 5 0  0 8 0 5 . 1 3 9 0 5  8 0 5 . 1 7 5 3 5  -0.0 3630 
5 5  1 1  4 5  1 5 6  1 1  46 0 784.86173 784.90458 -0.04284 57 1 1  4 7  1 5 8  1 1  4 8  0 784.49842 784.54490 -0.04649 
5 5  2 5  3 0  1 5 4  2 5  29 0 806.08107 806.06 5 3 6  0.0 1 5 7 1  5 7  8 5 0  1 5 6  8 49 0 805 .29016 805.3 2 7 5 3  -0.03738 
55 15 40 1 5 6  1 5  4 1  0 783.800 2 0  783.87909 -0.07889 57 7 5 0  1 5 8  7 5 1  0 785.00452 785.043 2 3  -0.03871 
5 6  0 5 6  1 5 5  0 5 5  0 804. 1 2 2 1 3  804. 1 5 1 0 0  -0.02887 57 2 6  3 2  1 5 8  2 6  3 3  0 783.670 2 1  783.6 5 0 7 5  0.01945 
56 0 5 6  1 5 7  0 5 7  0 786.34438 786. 3 7 3 2 9  -0.02890 5 7  19 39 1 5 8  19 40 0 783.34 3 1 7  783.4 0 7 1 2  -0.06395 
5 6  1 5 5  1 5 7  1 5 6  0 786.17879 786.20844 -0.02965 57 1 6  4 2  1 5 6  1 6  4 1  0 806.59907 806.66848 -0.06941 
56 2 5 5  1 5 5  2 54 0 804.26834 804.29840 -0.0 3 0 0 5  5 7  3 2  2 5  1 5 6  3 2  2 4  0 806.3 1 044 806.2 1398 0.09646 
56 3 5 3  1 5 7  3 54 0 785.84785 785.87989 -0 .03203 5 7  19 3 8  1 5 6  19 37 0 806.8 3 5 8 3  806.90786 -0.07203 
56 3 54 1 5 7  3 5 5  0 786.0 1 3 2 0  786.04401 -0.03081 5 8  0 5 8  1 5 9  0 5 9  0 785.98203 786. 0 1 3 0 4  -0.0 3 1 00 
5 6  4 5 2  1 5 7  4 5 3  0 78 5.683 0 1  785.71597 -0.0 3 2 9 6  5 8  1 5 7  1 5 9  1 5 8  0 785.8 1 59 3  785.84788 -0. 0 3 1 9 5  
5 6  5 5 1  1 5 5  5 5 0  0 804.8 6 1 0 1  804.89394 -0.0 3 2 9 3  5 8  1 5 7  1 5 7  1 5 6  0 804.52891 804.56066 -0. 0 3 1 74 
5 6  5 5 2  1 5 5  5 5 1  0 804.7 1 1 1 1  804.74 3 9 0  -0.0 3 2 7 9  5 8  2 5 6  1 5 7  2 5 5  0 804. 6 7 5 5 2  804.708 1 6  -0.03265 
56 6 5 1  1 5 7  6 5 2  0 785.5 1808 785.5 5 2 1 3  -0.03405 5 8  2 5 6  1 5 9  2 5 7  0 785.6 5 0 2 2  785.683 1 5  -0.03293 
56 7 5 0  1 5 5  7 49 0 805.00984 805.04506 -0.0 3 5 2 3  5 8  3 5 5  1 5 7  3 54 0 804.8 2 2 3 2  804.8 5624 -0.0 3392 
56 3 5 3  1 5 5  3 5 2  0 804.56282 804.59474 -0.0 3 19 2  5 8  3 5 5  1 5 9  3 5 6  0 785.48462 785.51876 -0.03414 
56 3 54 1 5 5  3 5 3  0 804.4 1 5 3 6  804.44628 -0.03092 5 8  5 5 3  1 5 7  5 5 2  0 805.1 1808 805.15459 -0.03651 
56 6 s o  1 5 7  6 5 1  0 785.3 5297 785.38817 -0.0 3 5 2 1  5 8  5 54 1 5 7  5 5 3  0 804.96961 805.00500 -0.03539 
5 6  7 49 1 5 7  7 5 0  0 785.186 3 7  785.2 2 3 8 7  -0.0 3 7 5 0  5 8  6 5 2  1 5 9  6 5 3  0 784.989 1 2  785.02649 -0.03737 
5 6  8 48 1 5 7  8 49 0 785.01906 785.05890 -0.03 984 58 6 5 3  1 5 9  6 54 0 785.15428 785.190 5 7  -0.03630 
56 22 3 4  1 5 7  2 2  3 5  0 783.773 7 1  783.79 739 -0 .02368 5 8  4 54 1 5 9  4 5 5  0 785.31943 785.35461 -0. 0 3 5 18 
5 6  9 4 7  1 5 5  9 46 0 805.46675 805.5 0844 -0.04169 5 8  7 5 1  1 59 7 5 2  0 784.8 2 3 6 6  784.862 1 5  -0.03849 
5 6  2 4  3 3  1 5 7  2 4  34 0 783.85180 783.85 2 2 7  -0.00046 5 8  0 5 8  1 5 7  0 5 7  0 804.38259 804.4 1 3 6 3  -0. 0 3 104 
5 6  3 2  2 4  1 5 5  3 2  2 3  0 806. 1 3763 806.0 3 7 1 4  0.10049 5 8  7 5 1  1 5 7  7 5 0  0 805.41849 805.45709 -0.03860 
5 6  7 49 1 5 5  7 48 0 805.15967 805 .19756 -0.0 3 789 5 8  7 5 2  1 5 7  7 5 1  0 805.26783 805.3 0 5 2 0  -0.0 3737 
57 0 5 7  1 5 8  0 5 8  0 786.16343 786.19 3 3 7  -0.02994 58 14 44 1 5 7  14 43 0 806.55828 806.62242 -0.06414 
5 7  0 5 7  1 5 6  0 5 6  0 804. 2 5 2 5 8  804.282 5 3  -0.02995 5 8  14 44 1 5 7  1 4  4 3  0 806. 5 5 8 2 8  806.62242 -0.06414 
5 7  1 5 6  1 5 8  1 5 7  0 785.99745 786. 0 2 8 3 7  -0. 0 3 0 9 2  5 8  14 45 1 5 9  14 46 0 783.78 5 3 7  783.84443 -0.05906 
57 2 5 5  1 5 8  2 5 6  0 785.83174 785.86379 -0.0 3204 5 8  14 44 1 5 9  14 4 5  0 783.58973 783.65430 -0.06457 
57 2 5 5  1 5 6  2 54 0 804.545 6 3  804. 5 7 744 -0.0 3 1 8 1  5 8  2 1  3 7  1 5 9  2 1  3 8  0 783.20729 783.25342 -0.04613 
57 2 5 6  1 5 6  2 5 5  0 804.39884 804.4 2 9 7 5  -0.03090 5 8  1 5  4 3  1 5 9  1 5  44 0 783.3 6 1 3 8  783.4 3 5 3 4  -0.07397 
57 3 54 1 5 8  3 5 5  0 785.66648 785.69 9 5 3  -0. 0 3 3 0 5  5 8  1 2  4 6  1 5 7  1 2  4 5  0 806.19973 806.2 5 3 9 2  -0.0 5419 
57 4 54 1 5 6  4 5 3  0 804.692 7 1  804. 7 2 5 7 1  -0. 0 3 3 0 0  5 8  1 6  43 1 5 7  1 6  4 2  0 806. 7 2 5 2 3  806.79578 -0.07056 
57 5 5 2  1 5 6  5 5 1  0 804.98946 805.02448 -0.0 3 5 0 2  5 9  0 5 9  1 60 0 60 0 785.8 0 0 1 7  785.8 3 2 2 9  -0.0 3 2 1 2  
5 7  5 5 3  1 5 6  5 5 2  0 804.840 6 5  804.87467 -0.03402 59 1 5 8  1 6 0  1 59 0 785.63388 785.66698 -0.0 3 3 10 
5 7  5 5 3  1 5 8  5 54 0 785.501 5 2  785. 5 3 5 5 0  -0.03 398 5 9  2 5 7  1 5 8  2 5 6  0 804.80447 804.83845 -0.03399 
57 5 5 2  1 5 8  5 5 3  0 785.33643 785.3 7 1 5 6  -0. 0 3 5 1 3  5 9  3 5 6  1 5 8  3 5 5  0 804.9 5 1 2 6  804.98634 -0.0 3508 
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5 9  3 5 6  1 6 0  3 5 7  0 785.3 0240 785.3 3 7 5 7  -0.0 3 5 1 7  6 0  1 1  49 1 5 9  1 1  48 0 806.28758 806.33985 -0.0 5 2 2 7  
5 9  4 5 5  1 6 0  4 5 6  0 785.13702 785. 1 7 3 3 0  -0. 0 3 6 2 8  6 0  7 5 3  1 6 1  7 5 4  0 784.4 5 7 7 1  784.49870 -0.04099 
59 5 5 5  1 5 8  5 5 4  0 80 5.09867 805.13490 -0. 0 3 6 2 2  60 6 54 1 5 9  6 5 3  0 8 0 5 . 5 2 3 8 6  805 .56363 -0.03976 
59 7 5 3  1 5 8  7 5 2  0 805.39610 805.43463 -0.0 3 8 5 3  60 7 5 3  1 5 9  7 5 2  0 805.67395 805.71493 -0.04098 
5 9  5 54 1 5 8  5 5 3  0 805.24627 805.284 2 7 -0.03800 6 1  0 6 1  1 62 0 6 2  0 785.43 5 3 2  785.469 5 6  -0.03424 
59 1 59 1 5 8  1 5 8  0 804. 5 1 2 1 4  804.54429 -0.0 3 2 1 5  6 1  1 60 1 6 2  1 6 1  0 785.26876 785.30394 -0.0 3 5 1 7  
5 9  5 54 1 6 0  5 5 5  0 784.9 7173 785.00 9 1 6  -0.03743 6 1  2 5 9  1 60 2 5 8  0 805.06141 805.09771 -0.03630 
59 6 5 3  1 6 0  6 54 0 784.80635 784.84 5 0 1  -0.03866 6 1  2 6 0  1 6 0  2 5 9  0 804.9 1545 804. 9 5 0 7 6  -0. 0 3 5 3 1  
5 9  2 5 7  1 6 0  2 5 8  0 78 5.4680 7 785. 5 0 2 1 0  -0.03403 6 1  3 5 8  1 6 0  3 5 7  0 8 0 5 . 2 0 786 80 5.245 2 2  -0.0 3736 
59 7 5 2  1 6 0  7 5 3  0 784.6409 1 784.68064 -0.03973 6 1  3 5 9  1 62 3 60 0 785. 1 0 2 3 9  785.13876 -0.0 3637 
5 9  1 1  4 8  1 5 8  1 1  4 7  0 806.16134 806. 2 1 3 3 4  -0.0 5 2 0 0  6 1  4 5 7  1 6 0  4 5 6  0 805.3 5485 805.39338 -0.03853 
5 9  1 0  4 9  1 6 0  1 0  s o  0 784. 1 3 5 7 1  784. 1 8 3 1 9  -0.04748 6 1  4 5 7  1 6 2  4 5 8  0 784.77083 784.80944 -0.03860 
59 2 0  3 9  1 6 0  2 0  40 0 782.80486 782.87479 -0.06993 61 6 5 6  1 62 6 5 7  0 784.60 5 5 0  784.64509 -0.03960 
59 1 5 8  1 5 8  1 5 7  0 804.65812 804.69 1 1 3  -0.0 3 3 0 1  6 1  7 5 5  1 6 0  7 54 0 805.6 5 1 2 6  805.69 2 1 9  -0.04093 
59 12 47 1 5 8  1 2  4 6  0 806.32400 806.3 7 9 3 5  -0.0 5 5 3 5  6 1  5 5 6  1 60 5 5 5  0 8 0 5 . 5 0 2 2 8  805.542 3 2  -0.04003 
59 9 5 0  1 6 0  9 5 1  0 784.30473 784. 3 5 0 1 4  -0.04 541 6 1  4 5 8  1 6 2  4 5 9  0 784.9 3 6 5 3  784.9 7395 -0.03743 
59 35 2 4  1 5 8  3 5  2 3  0 806.62561 806.49 5 4 3  0 . 1 3 0 1 9  6 1  6 5 5  1 6 2  6 5 6  0 784.43979 784.48078 -0.04099 
5 9  1 2  47 1 6 0  1 2  48 0 783.78775 783.84 2 2 4  -0.0 5449 61 7 54 1 62 7 5 5  0 784.2 7406 784. 3 1 6 3 4  -0.04228 
5 9  9 5 0  1 5 8  9 49 0 805.84861 8 0 5.89447 -0.04586 61 0 6 1  1 60 0 60 0 804. 77007 804.8042 9  -0.03423 
59 26 34 1 6 0  2 6  3 5  0 783.190 7 2  783.18202 0 .00870 6 1  3 0  3 2  1 6 2  3 0  3 3  0 782.80778 782.75787 0.04992 
59 35 25 1 6 0  3 5  2 6  0 783.35668 783.22588 0 .13080 6 1  1 3  4 8  1 62 1 3  4 9  0 783.24409 783.30618 -0.06209 
59 15 45 1 5 8  1 5  4 4  0 806.6680 1 806.73 3 0 8  -0.0 6 5 0 7  6 1  1 6  46 1 6 0  1 6  4 5  0 807.08907 807.162 1 5  -0.07308 
59 1 9  4 0  1 5 8  1 9  39 0 807.33062 807.42 398 -0.09 3 3 5  6 1  1 0  5 1  1 6 2  1 0  5 2  0 783.76961 783.819 5 0  -0.04990 
60 0 60 1 6 1  0 6 1  0 785.61788 785.65 1 1 3  -0.0 3 3 2 5  6 1  7 54 1 60 7 5 3  0 805.80146 80 5.843 2 2  -0.04 176 
6 0  1 5 9  1 6 1  1 60 0 785.45 1 5 1  785.48 5 6 7  -0. 0 3 4 1 5  6 1  1 3  4 8  1 6 0  1 3  47 0 806.73700 806.799 3 2  -0.06232 
6 0  1 60 1 5 9  1 59 0 804.64147 804.674 5 1  -0.03304 6 1  2 4  3 7  1 62 2 4  38 0 782.62872 782.65569 -0.02698 
60 2 5 9  1 5 9  2 5 8  0 804.787 0 5  804.82 1 1 7  -0 .03412 6 2  0 6 2  1 6 3  0 63 0 785.2 5 2 0 4  785.28758 -0.0 3 5 5 3  
6 0  3 5 7  1 6 1  3 5 8  0 785.11961 785. 1 5 5 9 7  -0. 0 3 6 3 6  62 1 6 1  1 6 1  1 6 0  0 8 0 5.04340 805.0 7993 -0.03652 
6 0  3 5 8  1 6 1  3 59 0 785.28549 785.32064 -0.0 3 5 1 5  62 2 60 1 6 1  2 5 9  0 805.18929 805.22669 -0.03740 
6 0  4 5 7  1 5 9  4 5 6  0 805.079 7 7  8 0 5 . 1 1 6 0 0  -0.0 3 6 2 3  62 3 5 9  1 6 3  3 60 0 784. 7 5 2 9 3  784.79 1 5 2  -0.03860 
60 5 5 5  1 5 9  5 54 0 805.37483 805.4 1 3 5 1  -0.03868 62 4 5 8  1 6 1  4 5 7  0 80 5.482 2 1  8 0 5. 5 2 1 9 6  -0.03976 
6 0  3 5 8  1 5 9  3 5 7  0 804.933 1 2  804.96830 -0.0 3 5 1 8  62 4 5 9  1 6 1  4 5 8  0 805.3 3 5 5 6  805 .37400 -0.03 844 
60 4 5 6  1 6 1  4 5 7  0 784.9 5424 784.99 1 5 8  -0. 0 3 7 3 3  62 5 5 7  1 6 1  5 5 6  0 805.62904 805.67069 -0.04 1 64 
6 0  7 54 1 6 1  7 5 5  0 784.62334 784. 663 1 1  -0. 0 3 9 7 6  62 7 5 6  1 6 1  7 5 5  0 805.77814 805.82 0 3 3  -0.04 2 19 
6 0  5 5 5  1 6 1  5 5 6  0 784.78877 784.82 734 -0.03856 62 4 5 8  1 6 3  4 5 9  0 784. 5 8 7 2 3  784.62688 -0.03965 
6 0  14 46 1 6 1  1 4  4 7  0 783.23672 783. 3 0 3 2 7  -0.0 6 6 5 5  62 2 6 1  1 6 3  2 62 0 785.0 8 5 1 3  785.12179 -0.03666 
60 11 49 1 6 1  1 1  5 0  0 783.779 3 5  783.83 3 04 -0.05368 62 2 60 1 63 2 6 1  0 784.9 1903 784.9 5647 -0.03 744 
6 0  8 5 2  1 6 1  8 5 3  0 784.29174 784.33388 -0.04 2 1 4  62 5 5 7  1 6 3  5 5 8  0 784.4 2 1 5 3  784.46243 -0.04090 
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6 2  6 5 6  1 6 3  6 5 7  0 784.2 5582 784.29804 -0.04 2 2 2  6 4  4 6 0  1 6 5  4 6 1  0 784. 2 1 8 2 3  784. 2 6 0 5 2  -0.04229 
62 7 5 5  1 6 3  7 5 6  0 784.09003 784. 1 3 3 5 5  -0.04 3 5 1  64 7 5 7  1 63 7 5 6  0 806.17959 806.2 2 5 5 3  -0.04594 
62 1 2  5 0  1 6 3  1 2  5 1  0 783.2 4 1 5 6  783.29894 -0.05738 64 7 5 7  1 6 5  7 5 8  0 783.72058 783.76668 -0.04610 
62 0 6 2  1 6 1  0 6 1  0 804.8983 2 804.9 3364 -0.0 3 5 3 2  6 4  8 5 6  1 6 5  8 5 7  0 783.55453 783.60185 -0.04732 
62 2 2  4 1  1 6 1  2 2  4 0  0 807. 5 1 2 5 3  807.57178 - 0. 0 5 9 2 5  6 4  2 1  4 3  1 63 21 4 2  0 808.08816 808. 1 8 5 0 5  -0.09689 
62 2 1  4 1  1 6 3  2 1  4 2  0 782.10562 782.182 9 7  -0.0 7735 64 8 5 6  1 63 8 5 5  0 8 0 6. 3 2969 806.37704 -0.04736 
62 3 3  2 9  1 6 3  3 3  3 0  0 782.6 2 6 1 1  782.53893 0.08718 64 14 50 1 6 5  14 51 0 78 2 . 5 1 6 3 0  782.58567 -0.06937 
6 3  0 63 1 64 0 64 0 785.06865 785. 1 0 5 1 8  -0. 0 3 6 5 3  6 4  14 5 1  1 6 5  14 5 2  0 782.69677 782.76188 -0. 0 6 5 1 1  
6 3  1 62 1 64 1 63 0 784.9 0 1 4 5  784.9 3 9 2 4  -0.03778 64 23 42 1 63 23 4 1  0 807.82773 807.88677 -0.0 5904 
6 3  2 62 1 6 2  2 6 1  0 805.1 7 1 1 0  805.20865 -0. 0 3 7 5 5  6 4  1 6  48 1 6 5  1 6  4 9  0 782. 1 2 1 1 9  782.20468 -0.08349 
63 3 60 1 6 2  3 5 9  0 805.46266 805. 5 0 2 3 5  -0.03969 6 5  0 6 5  1 66 0 66 0 784. 7 0 0 1 7  784. 7 3 9 1 5  -0.03898 
63 3 6 1  1 6 2  3 6 0  0 805.31659 805.3 5 5 2 2  -0.03863 6 5  1 64 1 64 1 63 0 805.42495 80 5.46478 -0.03982 
63 3 6 1  1 64 3 6 2  0 784. 7 3 5 1 2  784.77376 -0.03864 6 5  2 63 1 66 2 64 0 784. 3 6 6 1 5  784.4 0 7 1 1  -0.04096 
63 4 5 9  1 6 2  4 5 8  0 805.60922 805.65 0 1 1  -0.04089 6 5  2 63 1 64 2 62 0 805.5 7024 805.61098 -0.04074 
6 3  5 5 8  1 6 2  5 5 7  0 805 .75628 805.79862 -0.04 2 3 5  65 2 64 1 66 2 65 0 784. 5 3 3 0 0  784. 57289 -0.03989 
6 3  6 5 7  1 64 6 5 8  0 784.0 7 1 3 3  784.11487 -0.0 4 3 5 5  6 5  3 6 2  1 66 3 63 0 784.19927 784.24174 -0.04247 
6 3  6 5 8  1 64 6 5 9  0 784.2 3693 784.279 3 5  -0.04242 65 3 62 1 64 3 6 1  0 8 0 5. 7 1 5 5 7  805.75772 -0.04215 
6 3  7 5 7  1 6 2  7 5 6  0 805.90465 805.94803 -0.04 3 3 8  6 5  5 6 0  1 64 5 5 9  0 806.00901 806.0 5 3 1 8  -0.044 17 
63 7 5 6  1 64 7 5 7  0 783.9 0571 783.9 5 0 3 3  -0.04462 6 5  5 6 1  1 64 5 60 0 805.86178 805.90509 -0.04 3 3 1  
6 3  4 5 9  1 64 4 60 0 784.4 0286 784.44 3 9 1  -0.04 1 0 5  65 6 60 1 66 6 6 1  0 783.86729 783.9 1 1 9 3  -0.04464 
6 3  4 60 1 64 4 6 1  0 784.5 6894 784.60868 -0.03974 6 5  7 5 9  1 64 7 58 0 806. 1 5 6 3 1  806.2 0 2 1 4  -0.04583 
63 0 6 3  1 6 2  0 62 0 805.02602 805.062 5 5  -0.0 3654 65 0 6 5  1 64 0 64 0 8 0 5 . 2 8 0 1 5  805.31906 -0.03891 
63 8 5 5  1 64 8 5 6  0 783.73942 783.78 5 5 1  -0.04609 6 5  4 6 1  1 66 4 62 0 784.0 3 3 5 0  784.07672 -0.04322 
63 1 4  5 0  1 64 14 51 0 782.881 5 0  782.94400 -0.0 6 2 5 0  65 6 5 9  1 66 6 60 0 783.70 128 783.74728 -0.04601 
63 1 8  46 1 64 1 8  47 0 782.1 1743 782.20 5 9 7  -0.08854 6 5  2 1  4 5  1 66 2 1  4 6  0 781.4 2 2 0 6  781.5 1384 -0.09179 
6 3  3 1  3 2  1 6 2  3 1  3 1  0 807.3 588 1 807.30481 0.05400 6 5  9 5 6  1 66 9 5 7  0 783.20022 783.25248 -0. 0 5 2 2 6  
6 3  1 6  4 8  1 6 2  1 6  4 7  0 807.32682 807.4 0 1 3 8  -0.07456 6 5  7 5 8  1 66 7 5 9  0 783.53508 783.58262 -0.04754 
64 0 64 1 6 5  0 65 0 784.88461 784.9 2 2 3 7  -0.03776 65 14 5 2  1 64 1 4  5 1  0 807.22640 807. 2 9 2 1 6  -0.06577 
64 1 63 1 6 3  1 62 0 805.29834 805.33693 -0.03859 6 5  7 5 8  1 64 7 5 7  0 806.3 0486 806.3 5 2 1 1  -0.04 725 
64 1 6 3  1 6 5  1 64 0 784.71758 784. 7 5 6 2 7  -0.03869 65 1 6  4 9  1 64 2 2  4 2  0 781.75694 781-84074 -0.08381 
64 2 6 2  1 6 3  2 6 1  0 80 5.443 3 9  805.483 3 2  -0.03993 6 5  18 4 7  1 64 1 8  46 0 808.3 1778 808.4 3 1 7 2  -0. 1 1 394 
64 3 62 1 6 5  3 63 0 784.55093 784.59064 -0.03971 66 0 6 6  1 6 5  0 6 5  0 805.40658 80 5.44665 -0.04008 
64 4 6 1  1 6 3  4 60 0 805.58947 805.63 0 2 5  -0.04079 66 1 6 5  1 6 5  1 64 0 805. 5 5 1 1 1  8 0 5 . 5 9 2 1 8  -0.04 107 
64 5 60 1 6 3  5 5 9  0 805.73574 805.77782 -0.04 2 0 7  66 1 6 5  1 6 7  1 66 0 784.34800 784.38909 -0.04109 
64 6 58 1 6 5  6 59 0 783.8865 4  783.9 3 1 2 9  -0.0447 5  66 1 66 1 6 7  1 67 0 784. 5 1 5 1 3  784.5 5 5 5 1  -0.04038 
64 6 5 9  1 6 5  6 60 0 784.05242 784.09 5 8 5  -0.04343 66 2 64 1 67 2 6 5  0 784.18100 784.2 2 3 1 6  -0.04 216 
64 5 5 9  1 6 3  5 5 8  0 805.882 8 1  805.9 2 6 1 2  -0.04 3 3 2  6 6  3 63 1 6 5  3 62 0 80 5.84 1 2 6  80 5.884 7 5  -0.04349 
64 1 64 1 6 3  1 63 0 805.153 2 2  805.19 1 0 2  -0.03781 66 3 6 3  1 67 3 64 0 784.0 1429 784.05766 -0.04 336 
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6 6  4 6 2  1 6 5  4 6 1  0 80 5.987 2 7  806.03 192 -0.04465 68 3 66 1 69 3 6 7  0 783.80917 783.85403 -0.04486 
66 4 6 2  1 6 7  4 63 0 783.84780 783.89 2 5 0  -0.04470 68 5 63 1 6 7  5 6 2  0 806. 3 8 3 3 7  806.4 3 1 7 3  -0.04836 
6 6  5 6 1  1 6 5  5 60 0 806.13402 806.17981 -0.04 578 68 5 64 1 6 7  5 63 0 806. 2 3 7 1 8  806.284 2 6  -0.04708 
66 7 6 0  1 6 5  7 5 9  0 806.2814 1 806.32854 -0.04 7 1 3  6 8  7 62 1 67 7 6 1  0 806- 5 3 0 2 6  806.58002 -0.04976 
66 3 64 1 6 5  3 63 0 805.69612 805.73819 -0.04 2 0 7  68 3 66 1 6 7  3 6 5  0 805.94673 805.99 1 3 1  -0.044 57 
66 1 1  5 6  1 6 7  1 1  5 7  0 782.84568 782.9 0 2 0 6  -0.0 5 6 3 8  68 7 6 1  1 6 7  7 6 0  0 806.67803 806. 7 2 9 2 6  -0. 0 5 1 2 3  
66 5 6 1  1 6 7  5 62 0 783.68144 783.72760 -0.04617 68 8 60 1 69 8 6 1  0 782.81009 782.8 6 2 9 1  -0.05 282 
6 6  7 5 9  1 6 5  7 5 8  0 806.42970 806.478 2 6  -0.0485 6  6 8  6 62 1 69 6 6 3  0 783.14 3 1 3  783. 1 9 2 7 5  -0.04962 
6 6  7 5 9  1 6 7  7 60 0 783.34962 783.39813 -0.04850 68 4 64 1 69 4 6 5  0 783.47564 783. 5 2 2 8 2  -0.04 718 
6 6  2 6  4 0  1 6 5  2 6  3 9  0 808.03256 808.06399 -0.0 3 1 4 2  68 5 63 1 69 5 64 0 783.3 0 9 2 3  783.3 5769 -0.04846 
66 6 6 0  1 6 7  6 6 1  0 783. 5 1 5 5 2  783.56286 -0.04734 68 7 6 1  1 69 7 6 2  0 782.97662 783.02788 -0. 0 5 1 2 6  
6 6  9 5 7  1 6 5  9 5 6  0 806.72834 806.78158 -0.0 5 3 2 3  6 9  0 69 1 68 0 68 0 805.78285 805.82681 -0.04396 
6 6  9 5 7  1 6 7  9 5 8  0 783.01390 783.06798 -0.05408 69 0 69 1 70 0 7 0  0 783.95 764 784. 0 0 2 1 3  -0.04449 
66 2 2  4 5  1 6 5  2 2  44 0 808.289 0 7  808.37600 -0.08693 69 2 68 1 68 2 6 7  0 805.9 2 7 1 3  805.9 7 1 7 6  -0.04464 
6 7  0 6 7  1 6 6  0 66 0 805.53247 8 0 5 . 5 7 3 8 1  -0.04 1 3 5  6 9  3 66 1 7 0  3 6 7  0 783.4 5 5 7 6  783.5 0 2 9 1  -0.04 7 1 5  
6 7  0 6 7  1 68 0 68 0 784.32999 784.37146 -0.04147 69 4 65 1 7 0  4 6 6  0 783.2 8874 783. 3 3 7 3 6  -0.04862 
67 2 6 5  1 6 6  2 64 0 805.82161 8 0 5.86497 -0.04 3 3 6  6 9  4 66 1 68 4 6 5  0 806.2 1606 806.2 6 3 1 8  -0.04712 
6 7  3 64 1 6 8  3 6 5  0 783.82892 783.87 3 1 5  -0.0442 3 69 5 64 1 68 5 6 3  0 806. 5 0 7 2 4  806. 5 5704 -0.04980 
67 4 6 3  1 6 8  4 64 0 783.66193 783.70787 -0.04594 69 7 63 1 68 7 6 2  0 806.6 5 3 9 8  806.70 5 1 1  -0.0 5 1 1 3  
6 7  5 6 3  1 6 6  5 62 0 806.11240 806.1583 1 -0.04590 69 2 67 1 68 2 6 6  0 806.0 7 1 2 9  806. 1 1 7 2 0  -0.04591 
6 7  3 64 1 6 6  3 63 0 805.96673 806.0 1 1 3 3  -0.04460 69 2 68 1 70 2 69 0 783.79 0 3 5  783.8 3 5 2 3  -0.04488 
67 2 6 5  1 68 2 66 0 783.995 2 0  784.03880 -0.04360 69 2 67 1 7 0  2 68 0 783.62 3 0 2  783.66884 -0.04583 
6 7  2 6 6  1 68 2 67 0 784.162 5 9  784.20489 -0.04 2 3 0  69 5 64 1 7 0  5 6 5  0 783.12240 783.172 1 1  -0.04971 
6 7  5 6 2  1 68 5 63 0 783.49569 783.54286 -0.04716 69 8 6 1  1 70 8 6 2  0 782.62288 782.6 7 7 1 1  -0.05423 
6 7  1 6 6  1 6 6  1 65 0 805.67675 805.719 1 5  -0.04240 69 7 62 1 68 7 6 1  0 806.8 0 1 4 1  806.854 1 1  -0.0 5270 
6 7  7 60 1 6 6  7 59 0 806.55410 806.60398 -0.04988 69 1 0  5 9  1 7 0  1 0  6 0  0 782.2 8 5 7 0  782.34614 -0.06044 
67 7 6 1  1 6 6  7 60 0 80 6.406 1 5  806.4 5 4 5 0  -0.04835 69 6 63 1 7 0  6 64 0 782.95589 783.00707 -0. 0 5 1 1 8  
6 7  7 60 1 6 8  7 6 1  0 783.163 2 2  783.2 1 3 2 1  -0.04999 7 0  2 68 1 69 2 6 7  0 806.19542 806.24266 -0.04 724 
67 8 5 9  1 68 8 60 0 782.997 0 1  783.04829 -0.0 5 128 7 0  2 68 1 7 1  2 69 0 783.4 3 6 1 1  783.483 2 4  -0.04713 
6 7  6 6 1  1 6 8  6 62 0 783.329 5 0  783.37801 -0.04 8 5 1  7 0  4 67 1 7 1  4 68 0 783.26877 783.3 1 7 1 6  -0.04839 
67 1 2  5 5  1 68 12 5 6  0 782.31876 782.382 2 2  -0.06347 7 0  7 64 1 69 7 6 3  0 806.77727 806.82976 -0.05249 
67 19 48 1 6 6  1 9  47 0 808.8 183 1  808.95045 -0. 1 3 2 1 4  7 0  1 69 1 69 1 68 0 806.0 5 1 2 9  806.0974 1 -0.04613 
6 7  2 9  38 1 6 6  2 9  37 0 808.100 5 8  808.09 6 5 2  0.00406 7 0  4 67 1 69 4 66 0 8 0 6.3 4 0 2 1  806.3 8844 -0.048 2 3  
68 0 68 1 6 7  0 67 0 805.65791 805.70053 -0 .04262 7 0  7 63 1 69 7 6 2  0 806.9 2 4 5 3  806.9 7 8 5 2  -0.05400 
68 1 67 1 69 1 68 0 783.97659 784. 0 2 0 2 6  -0.04367 7 0  2 69 1 7 1  2 7 0  0 783.60385 783.64978 -0.04594 
68 1 68 1 69 1 69 0 784.1444 5  784. 18700 -0.04 2 5 5  7 0  5 65 1 7 1  5 66 0 782.9 3 5 1 9  782.9 8 6 1 2  -0.05093 
68 3 6 5  1 6 7  3 64 0 806.0 9 1 5 8  806.13 748 -0.04590 7 0  0 70 1 69 0 69 0 805.90749 805.9 5 2 6 5  -0.04 5 1 6  
68 3 6 5  1 69 3 66 0 783.642 3 3  783.68824 -0.04 5 9 1  7 0  1 1  5 9  1 7 1  1 1  6 0  0 781.9 2 8 5 7  781.993 5 5  -0.06498 
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7 0  1 1  6 0  1 7 1  1 1  6 1  0 782.09765 782.15994 -0.0 6 2 3 0  72 1 7 1  1 7 3  1 72 0 783.22886 783.27765 -0.04879 
70 6 64 1 7 1  6 6 5  0 782.7682 3 782.8 2 0 9 7  -0.0 5 2 7 5  7 2  9 64 1 7 3  9 6 5  0 782.05865 782.1 1 7 1 6  -0.05851 
7 0  0 7 0  1 7 1  0 7 1  0 783.77166 783.81685 -0.04 5 1 8  7 2  1 7 1  1 7 1  1 7 0  0 806.29862 806.34738 -0.04876 
70 29 42 1 7 1  2 9  4 3  0 780.59467 780.6 1 0 2 5  -0.0 1 5 5 7  72 3 69 1 7 1  3 68 0 806.58664 806.63764 -0.0 5 100 
70 2 4  47 1 69 2 4  4 6  0 808.9 0520 808.99 3 3 5  -0.08815 72 2 70 1 7 1  2 69 0 806.44243 8 0 6.49 2 2 4  -0.04981 
70 28 4 2  1 69 2 8  4 1  0 808.66562 808.694 1 9  -0.02 8 5 7  72 1 2  60 1 7 3  1 2  6 1  0 781.382 3 5  781.4 5290 -0.07055 
7 0  4 66 1 7 1  4 6 7  0 783.1 0184 783.15148 -0.04964 7 2  18 54 1 7 1  18 5 3  0 808.9 2 6 1 7  809.03083 -0.10465 
70 4 66 1 69 4 6 5  0 806.48516 806.53483 -0.04967 72 2 0  5 2  1 7 1  2 0  5 1  0 809.49 568 809.6 3 5 1 9  -0. 1 3 9 5 2  
7 1  1 70 1 7 2  1 7 1  0 783.4 165 2 783.46393 -0.04740 72 23 so 1 7 1  2 3  4 9  0 809.3 5696 809.47370 -0. 11674 
71 2 7 0  1 7 0  2 69 0 806.17519 806.2 2 2 6 2  -0.04743 73 3 70 1 74 3 7 1  0 782.70 5 0 1  782.75745 -0.05 244 
7 1  3 68 1 72 3 69 0 783.08114 783 . 1 3 1 0 1  -0.04986 73 4 69 1 74 4 70 0 782.53760 782.59 1 3 6  -0.0 5 3 7 7  
7 1  7 64 1 7 0  7 63 0 807.04719 807. 1 0 2 5 0  -0.0 5 5 3 1  73 5 69 1 7 2  5 68 0 806.8 5 3 78 806.9 0 7 3 8  -0.05 360 
71 2 69 1 7 0  2 68 0 806.31917 806.36767 -0.048 5 1  73 7 6 7  1 7 2  7 66 0 807.144 3 7  8 0 7 . 2 0 1 0 6  -0. 0 5 669 
7 1  5 66 1 7 0  5 6 5  0 806.75394 806.806 3 3  -0. 0 5 2 3 9  73 2 72 1 74 2 73 0 783.04078 783.09097 -0. 0 5 0 19 
7 1  1 7 1  1 7 0  1 70 0 806.0 3127 806.07805 -0.04678 73 2 7 1  1 74 2 72 0 782.87285 782.9 2 3 9 7  -0.0 5 1 1 1  
7 1  7 6 5  1 7 0  7 64 0 806.900 1 5  806.9 5 3 9 7  -0 .05381 73 3 7 1  1 7 2  3 70 0 806. 5 6 5 0 5  806.61637 -0.0 5 1 3 3  
7 1  2 69 1 7 2  2 7 0  0 783.24866 783.2 9 7 2 3  -0.048 5 7  73 0 73 1 7 2  0 7 2  0 806.2 7830 806.3 2 7 5 3  -0.04923 
71 3 68 1 7 0  3 6 7  0 806.463 5 5  806. 5 1 3 2 6  -0.04972 73 6 67 1 74 6 68 0 782.2 0 3 7 2  782.26018 -0.05 646 
7 1  5 66 1 7 2  5 6 7  0 782.747 1 7  782.79970 -0.0 5 2 5 4  7 3  7 66 1 74 7 67 0 782.0 3 644 782.09490 -0.05846 
7 1  6 6 5  1 7 2  6 66 0 782.58060 782.63446 -0.0 5386 73 0 73 1 74 0 74 0 783.20922 783.2 5 8 5 2  -0.04930 
7 1  9 63 1 7 2  9 64 0 782.247 1 5  782.30424 -0.0 5 708 73 3 70 1 7 2  3 69 0 006.1ono 806.76158 -0.05238 
71 10 6 1  1 7 2  1 0  62 0 781.910 5 8  781.9 7 3 3 0  -0.0 6 2 7 2  73 2 8  45 1 7 2  2 8  4 4  0 809.2 0 2 2 4  809.25083 -0.04859 
7 1  4 6 7  1 7 2  4 68 0 782.914 0 1  782.9 6 5 1 9  -0.0 5 1 1 8  73 21 5 2  1 7 2  2 1  5 1  0 809.9 3 2 2 8  8 1 0.09638 -0. 16411 
71 7 64 1 7 2  7 6 5  0 782.412 6 1  782.469 3 5  -0.0 5674 73 3 6  3 7  1 7 2  3 6  3 6  0 808.96917 808.89 5 2 6  0.07391 
71 22 50 1 7 0  2 2  49 0 809.199 3 0  809.3 1 7 7 3  -0 .11843 73 37 3 6  1 7 2  3 7  3 5  0 808.9 5 5 3 6  808.86491 0.09046 
71 2 1  5 0  1 7 0  2 1  4 9  0 809.71614 809.88 2 8 5  -0.16671 73 15 59 1 7 2  1 5  5 8  0 808.34744 808.42793 -0.08049 
7 1  3 1  4 0  1 7 2  3 1  4 1  0 780.41570 780.40667 0.00902 7 3  5 68 1 7 2  5 6 7  0 806.99867 807.0 5385 -0.0 5 5 1 7  
7 1  1 2  5 9  1 7 0  1 2  5 8  0 80 7.797 2 5  807.86 5 7 2  -0.06846 74 0 74 1 7 5  0 7 5  0 783.0 2 1 2 2  783.07159 -0.0 5036 
7 2  0 7 2  1 7 3  0 73 0 783.397 2 3  783.44504 -0.04781 74 2 72 1 7 3  2 7 1  0 806.68 7 5 0  806.74006 -0.0 5 2 5 6  
7 2  3 70 1 7 3  3 7 1  0 783.061 1 9  783.11080 -0.04962 74 4 7 1  1 7 3  4 70 0 806.8 3 1 3 6  806.88 5 0 7  -0. 0 5 3 7 2  
7 2  7 6 5  1 7 1  7 64 0 807.16895 807.22604 -0 .05709 74 1 73 1 7 3  1 72 0 806.54397 806.59559 -0.05 162 
72 7 66 1 7 1  7 6 5  0 807.02248 807.07774 -0.0 5 5 2 5  7 4  7 68 1 7 3  7 67 0 807.26589 807. 3 2 3 9 5  -0.05806 
72 4 68 1 7 1  4 67 0 806.7 3 1 2 7  806.78364 -0.0 5 2 3 7  7 4  4 70 1 7 5  4 7 1  0 782.3 4848 782.40383 -0.0 5 5 3 5  
7 2  6 6 7  1 7 1  6 66 0 806.876 3 3  806.9 3 0 3 1  -0.0 5 398 74 0 74 1 7 3  0 73 0 806.40107 806.4 5 1 6 1  -0.05054 
72 4 68 1 7 3  4 69 0 782.72608 782.77848 -0.0 5241 74 1 73 1 7 5  1 74 0 782.85241 782.90387 -0.0 5 147 
72 5 6 7  1 7 3  5 68 0 782.5 59 1 6  782.61288 -0.0 5 3 7 2  7 4  6 68 1 7 5  6 69 0 782.014 2 5  782.07241 -0.0 5817 
72 6 66 1 7 3  6 67 0 782.392 3 6  782.44 7 5 3  -0.0 5 5 1 6  7 4  9 65 1 7 5  9 66 0 781.51183 781.57638 -0.06455 
7 2  7 6 5  1 7 3  7 66 0 782.22544 782. 2 8 2 3 3  -0.0 5 689 74 3 3  4 1  1 7 3  3 3  4 0  0 809.19700 809.17663 0.02038 
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74 2 S  s o  1 7 3  2 S  4 9  0 809.59116 809.69 S S 8  -0.1 0442 76 2 74 1 7 S  2 7 3  0 806.9 3079 806.986 1 1  -O.O S S 3 2  
74 23 S l  1 7 3  2 3  s o  0 8 10.09783 810.266 S S  -0.16872 76 22 S4 1 7S 22 53 0 810.47933 810.66102 -0.18168 
74 1 8  S 7  1 7 3  1 8  S 6  0 808.960 2 6  809.0S84S -0.09819 76 3 0  46 1 7 S  3 0  4 S  0 809.64109 809.68068 -0.039S9 
74 10 64 1 7 S  1 0  6S 0 781.34402 781.41077 -0.0667S 77 0 7 7  1 78 0 78 0 782.4 S 3 2 9  782.50832 -O. O S S 0 3  
74 s 69 1 7 3  s 68 0 807.12048 807.17694 -O. O S 647 7 7  3 74 1 78 3 7 S  0 781.94803 782. 0 0 S 3 8  -O.OS 734 
7S 2 7 3  1 7 6  2 74 0 782.49S O O  782.5490S -O.OS40S 77 4 74 1 76 4 7 3  0 807.19SOO 807. 2 S 2 9 0  -O.OS 789 
7 S  s 70 1 7 6  s 71 0 781.991 7 7  782.04990 -O.OS814 7 7  1 7 7  1 76 1 76 0 806.76647 806.82 1 2 0  -O.OS4 7 3  
7 S  s 7 0  1 74 s 69 0 807.241 S 7  807.29960 -O.OS803 77 4 7 3  1 78 4 74 0 781.77941 781.83874 -O. O S 9 3 3  
7 S  s 7 1  1 74 s 70 0 80 7.0969 7 807. 1 S 3 S 3  -O.O S 6 S 6  77 8 69 1 76 8 68 0 807.9 1 9 S l 8 0 7.98S 2 6  -0.06S76 
7S 1 7 S  1 74 1 74 0 806.S 2 3 2 0  806.S 7 S 2 S  -O .OS204 7 7  8 7 0  1 76 8 69 0 8 0 7. 7 7 3 1 S  807.83 7 1 S  -0.06400 
7S 4 7 2  1 7 6  4 73 0 782. 3 2 7 1 3  782.38224 -0. 0 S S l l  7 7  2 3  S 4  1 78 2 3  S S  0 777.9 2 S96 778. 1 2 4 1 7  -0.19821 
7 S  4 7 1  1 7 6  4 72 0 782.1S9 3 3  782.21S88 -O. O S 6 S S  77 s 72 1 76 s 7 1  0 8 0 7.48296 807.S43 S 7  -0.06062 
7S 2 74 1 7 6  2 7 S  0 782.66346 782.71 6 3 7  -O.O S290 7 7  0 7 7  1 77 2 76 0 782.78937 782.84446 -O.O S S 09 
7 S  0 7 S  1 7 6  0 76 0 782.8 3203 782.88424 -O.O S 2 2 1  7 7  1 7 6  1 76 1 7 S  0 806.90887 806.964S8 -0. 0 S S 7 1  
7 S  2 7 3  1 74 2 72 0 806.809 3 S  806.86 3 3 1  -O.O S 3 9 6  77 7 70 1 78 7 7 1  0 781.2 7704 781.34097 -0.06392 
7S 22 S3 1 74 24 so 0 80 1.980 7 2  802.16420 -0.18348 7 7  8 69 1 78 8 70 0 781.10965 781.17546 -0.06S81 
7S 1 74 1 74 1 7 3  0 806.66609 806.71903 -O.OS294 77 3S 4 2  1 76 3S 4 1  0 809.6S407 809.6214S 0.0 3 2 6 2  
7 S  7 68 1 7 6  7 69 0 781.6 S 7 S 7  781.71877 -0 .06120 77 2 7 S  1 78 2 76 0 782.11S74 782.17248 -0.0S 674 
7 S  8 6 7  1 7 6  8 68 0 78 1.490 5 S  781.S5340 -0.06285 7 7  2 2  S S  1 76 2 2  S 4  0 8 1 0.S4869 810.72548 -0.17679 
7 S  6 69 1 7 6  6 70 0 781.82477 781.884 2 3  -O.OS946 7 7  4 7 3  1 76 4 72 0 807.338S6 807.39791 -O.OS93S 
75 7 68 1 74 7 67 0 807. S 3 2 9 3  807.S9403 -0.06110 78 1 7 7  1 77 1 76 0 807.02959 807.08670 -O.OS710 
7 6  1 7 6  1 7 7  1 77 0 782.643 2 7  782.69649 -O.O S 3 2 1  7 8  7 7 1  1 77 7 7 0  0 8 0 7.89263 80 7.9 S 8 0 S  -0.06S42 
76 4 7 3  1 7 S  4 72 0 807.07424 8 0 7 . 1 3 0 7 3  -O.O S 6 S O  78 7 72 1 77 7 7 1  0 807.74727 807.8 1 1 0 7  -0.06380 
7 6  s 7 1  1 7 S  s 70 0 807.36246 807.4 2 1 8 1  -O.OS934 78 0 78 1 7 7  0 77 0 806.88 7 3 0  806.94 3 S 1  -O.OS622 
7 6  s 72 1 7 S  s 71 0 807.2 179 0 807.27594 -O.O S80S 78 2 76 1 79 2 7 7  0 781.9 2 S 1 2  78.1.9 8 3 S 8  -0.0S846 
76 6 7 1  1 7 7  6 72 0 781.801 7 1  781.86142 -O.O S970 78 8 70 1 77 8 69 0 808.03869 808. 1 0 5 9 3  -0.06723 
7 6  1 76 1 7 S  1 7 S  0 806.644 9 3  806.69844 -O.O S 3 S 1  7 8  1 7 7  1 79 1 78 0 782.09416 782.1 S 1 3 7  -0.0S721 
7 6  7 70 1 7 S  7 69 0 807.S07 5 6  807.S6840 -0.06084 78 0 78 1 79 0 79 0 782.26347 782.3 1974 -0.0 S627 
7 6  2 74 1 7 7  2 7S 0 782.30S62 782.36097 -O.O S S 3 6  7 8  2 7 6  1 7 7  2 7 S  0 8 0 7 . 1 7 2 2 9  807.2 3 0 3 9  -O.OS810 
7 6  8 68 1 7 S  8 67 0 807.79987 807.864 1 6  -0.06429 78 7 7 1  1 79 7 72 0 781.08S92 781.1 S 144 -0.0 6 S S 2  
7 6  9 67 1 7 7  9 68 0 781. 1 3 3 1 1  781.19919 -0.06609 78 lS 6 3  1 79 1 5  6 4  0 779. 7 2 S 8 1  779.81660 -0.09079 
76 9 68 1 7 7  9 69 0 781.29999 781.36464 -0.0646S 78 11 67 1 79 1 1  68 0 780.4 1 3 2 2  780.48873 -0. 0 7 S S 1  
7 6  1 7 5  1 7 7  1 76 0 782.47389 782.S284S -O.O S4S5 78 8 70 1 79 8 7 1  0 780.91864 780.98S86 -0.06722 
76 4 72 1 7 7  4 73 0 781.96929 782.02 7 S 2  -O. O S 8 2 3  78 4 74 1 77 4 7 3  0 807.4S871 807.S1943 -0.06073 
76 1 7 5  1 7 S  1 74 0 806.78768 806.84 2 0 3  -O.OS434 78 S l  2 7  1 77 Sl 26 0 809.76769 809.44097 0 .32671 
7 6  1 3  6 3  1 7 7  1 3  6 4  0 780.4 S 3 9 S  780. S 3 3 4 2  -0.07947 78 26 S2 1 79 2 6  S 3  0 778.24943 778.3 7689 -0.12 746 
7 6  6 70 1 7 7  6 71 0 781.63483 781.69 S 6 3  -0.06081 79 2 78 1 78 2 77 0 8 0 7. 14989 807.20837 -O. O S 847 
76 3 2  44 1 7 S  3 2  4 3  0 809.S66 S 2  809.57467 -0.00814 79 7 7 2  1 78 7 71 0 808.0 1 14 S  808.078SO -0.0 670S 
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Quantum Numbers Experimental Calculated Frequency Quantum Numbers Experimental Calculated Frequency 
J ' Ka' K,' v' J " Ka'' K," v" 
Frequency Frequency Differences 
(cm-11 (cm-1) (cm-1) J' Ka' K,' v
' J" Ka'' K," v" 
Frequency Frequency Differences 
(cm-11 (cm·') rcm-1) 
79 0 79 1 78 0 78 0 807.00740 807.06538 -0.0 5 79 8  8 1  1 7  6 4  1 8 2  1 7  6 5  0 778.79641 778.9 0285 -0.10645 
79 8 7 1  1 78 8 70 0 808. 1 5 7 3 4  808. 2 2 6 1 5  -0.06881 82 1 81 1 8 3  1 82 0 781. 3 2 9 1 2  781. 3 9 2 2 7  -0. 0 6 3 1 5  
79 1 78 1 8 0  1 79 0 781.90377 781.9 6 2 2 1  -0.05845 8 2  1 82 1 83 1 83 0 781.49901 781. 5 6 1 3 1  -0.06230 
79 4 7 5  1 8 0  4 76 0 781.39826 781.4 5 9 9 5  -0.06169 82 4 79 1 8 1  4 78 0 807.79173 807.85704 -0.06532 
79 23 56 1 8 0  2 3  5 7  0 7 7 7. 5 892 1 777.78977 -0. 2 0 0 5 5  8 2  7 7 5  1 8 1  7 74 0 808. 3 6 5 5 6  808.4 3 7 2 0  -0. 0 7 1 65 
79 5 74 1 7 8  5 73 0 807.72205 807.78 5 7 7  -0.0 6 3 7 2  82 0 82 1 8 1  0 8 1  0 807.36608 807.42834 -0.0622 6 
7 9  0 79 1 8 0  0 8 0  0 782.07298 7 8 2 . 1 3 0 7 5  -0.0 5 7 7 7  8 2  8 74 1 8 1  8 7 3  0 808. 5 1 0 6 7  808.58418 -0. 0 7 3 5 1  
79 3 76 1 7 8  3 7 5  0 807.4 3 5 1 2  807.49589 -0.06077 82 9 73 1 8 3  9 74 0 779.98162 780.05747 -0.07585 
7 9  1 1  6 8  1 8 0  1 1  69 0 780.2 2 1 5 0  780.29864 -0.07714 82 5 77 1 8 1  5 76 0 808.07747 808.14573 -0.06826 
7 9  7 72 1 8 0  7 73 0 780.89434 780.9 6 1 5 0  -0.0 6716 82 4 78 1 8 1  4 7 7  0 80 7.93449 808.00107 -0.06658 
7 9  2 77 1 8 0  2 78 0 781.73459 781.794 2 7  -0.05967 82 2 4  58 1 8 1  24 57 0 811.5 5 1 3 2  81 1.76924 -0. 2 1 792 
8 0  2 78 1 8 1  2 79 0 781.54324 781.60454 -0.06 1 2 9  8 2  2 80 1 8 3  2 8 1  0 781.15961 781.2 2 3 8 5  -0.06424 
80 2 78 1 79 2 7 7  0 807.41186 807.47288 -0.06103 82 2 6  5 6  1 8 1  2 6  5 5  0 811.24771 8 1 1.43240 -0.18469 
80 6 7 5  1 79 6 74 0 80 7.84091 807.9 0 6 2 1  -0.0 6 5 3 0  8 2  2 0  62 1 8 1  2 0  6 1  0 8 1 0.38467 8 1 0.5 1478 -0. 1 3 0 1 2  
8 0  0 80 1 7 9  0 79 0 807.12753 807.18681 -0.05928 8 2  6 76 1 8 1  6 7 5  0 808.2 2 1 18 808.29109 -0.06990 
8 0  8 7 2  1 79 8 7 1  0 808.2 7549 808.34594 -0.07044 8 3  1 82 1 84 1 8 3  0 781.13 685 781.20147 -0.06461 
80 7 73 1 8 1  7 74 0 780.70366 780.77114 -0.06748 83 4 79 1 8 2  4 78 0 808. 0 5 2 0 2  808.1 2 0 3 7  -0.06834 
80 6 74 1 7 9  6 7 3  0 80 7.98497 808.0 5 1 9 7  -0.06700 8 3  4 80 1 8 2  4 79 0 807.9 0 9 5 6  807.97654 -0.06698 
8 0  0 8 0  1 8 1  0 8 1  0 781.88208 781.94 1 3 5  -0.0 5 9 2 7  83 1 83 1 8 2  1 8 2  0 80 7.48439 807.54844 -0.0 6404 
80 1 79 1 79 1 78 0 807.269 5 2  807.32959 -0.06007 8 3  7 77 1 8 2  7 76 0 808. 3 3 884 808.40998 -0.07113 
8 0  3 7 7  1 7 9  3 7 6  0 807.55440 807.61672 -0.0 6 2 3 2  83 11 73 1 84 1 1  7 4  0 779.61962 779.69989 -0.08028 
8 0  3 7 7  1 8 1  3 78 0 781.37448 781.43699 -0.0 6 2 5 0  83 3 80 1 84 3 8 1  0 780.79797 780.86488 -0.06690 
8 0  1 2  6 8  1 79 1 2  6 7  0 808.865 5 9  808.94729 -0.08170 8 3  1 82 1 8 2  1 81 0 807.62589 807.69061 -0.06471 
8 0  1 3  6 7  1 7 9  1 3  6 6  0 809.01639 809.10164 -0.08 5 2 5  83 5 78 1 84 5 79 0 780.46045 780. 5 3 040 -0.06995 
8 0  4 76 1 7 9  4 7 5  0 807.697 3 1  807.76114 -0.06383 8 3  24 5 9  1 8 2  24 5 8  0 8 1 1. 6 3 3 2 6  8 1 1.84798 -0.2 1472 
80 7 73 1 79 7 72 0 808.12978 808.1985 1 -0.06873 83 18 66 1 8 2  18 65 0 809.98185 810.09 1 2 7  -0.10942 
81 1 8 0  1 8 0  1 79 0 80 7.38878 807.4 5 0 3 7  -0.06159 8 3  5 78 1 8 2  5 7 7  0 808.19498 808.2 6483 -0.06985 
81 1 8 1  1 8 0  1 8 0  0 807.247 1 3  807.30780 -0.06067 83 9 74 1 8 2  9 73 0 808.77314 808. 8 5 0 3 2  -0.07718 
81 7 7 5  1 8 0  7 74 0 808.103 2 5  808. 1 7 1 7 5  -0.06851 84 4 81 1 83 4 8 0  0 808. 0 2 7 2 2  808.0 9 5 5 8  -0.06836 
81 7 74 1 8 2  7 7 5  0 780.50999 780.58036 -0.07037 84 0 84 1 8 3  0 8 3  0 807.60261 807.66809 -0.06548 
81 7 74 1 8 0  7 73 0 808.248 1 2  808. 3 1 808 -0.06996 84 7 78 1 83 7 7 7  0 808.4 5 5 2 7  808.52842 -0. 0 7 3 1 5  
8 1  1 6  6 5  1 8 2  1 6  6 6  0 778.97588 7 79.07 6 3 1  -0.10043 84 8 76 1 8 3  8 7 5  0 808.74374 808.82064 -0.07690 
81 4 7 7  1 8 2  4 78 0 781.014 1 6  781.079 5 0  -0.0 6 5 3 5  8 4  9 7 5  1 8 5  9 7 6  0 779.59462 779.6 7 3 5 2  -0.07890 
81 3 78 1 8 0  3 77 0 807.672 9 5  807.73 7 1 1  -0.06416 84 2 82 1 8 3  2 8 1  0 80 7.88479 8 0 7.9 5 2 5 4  -0.06776 
81 2 79 1 8 0  2 78 0 807.53080 807.59347 -0.06267 84 1 6  6 8  1 8 5  16 69 0 778.39853 778. 5 0 3 5 8  -0.10506 
81 9 7 2  1 8 2  9 73 0 780.17458 780.24881 -0.0742 3 84 0 84 1 8 5  0 8 5  0 781.11421 781.17963 -0.06542 
81 2 79 1 82 2 80 0 781.3 5176 781.41440 -0.06264 84 24 60 1 83 24 5 9  0 8 1 1.68741 8 1 1.897 1 1  -0.20970 
81 4 77 1 8 0  4 76 0 807.81649 807.88 1 3 3  -0.06484 84 28 5 6  1 8 3  28 55 0 8 1 1 . 2 5 8 5 3  81 1.404 5 0  -0. 14597 
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I ' !{,' K,' v' I" K," K," v" 
Frequency Frequency Differences 
r cm·') r cm·') fcm·1l I ' K,
' K,' v' I" K,'' K/' v" 
Frequency Frequency Differences 
f cm·l) f cm·11 fem·•) 
84 1 7  6 7  1 8 3  1 7  66 0 810.095 1 3  810.2 0 5 1 2  -0.10999 87 7 8 1  1 8 6  7 80 0 808.80340 808.881 0 6  -0.07767 
84 4 80 1 8 5  4 8 1  0 780.43588 780. 5 0 5 7 3  -0.06985 87 0 87 1 88 0 88 0 780. 53463 780.60402 -0.06939 
84 1 9  6 5  1 8 3  19 64 0 810.42362 810.54733 -0. 1 2 3 7 0  87 15 72 1 88 15 73 0 7 7 7.99093 778.09 5 1 6  -0.10424 
84 2 3  6 2  1 8 3  2 3  6 1  0 810.97286 8 1 1 . 1 2 5 5 2  -0. 1 5 2 6 6  87 2 8 5  1 86 2 84 0 808.2 3 5 6 8  808. 3 0 7 6 1  -0.07193 
85 1 84 1 8 6  1 8 5  0 780.75087 780.81862 -0.06775 87 1 86 1 8 6  1 8 5  0 808.09463 808. 1 6 5 7 3  -0.07110 
85 0 8 5  1 84 0 84 0 807.72060 807.78 7 3 1  -0.06671 87 5 82 1 88 5 83 0 779.68442 779.76071 -0.07629 
8 5  7 78 1 8 6  7 79 0 779.73658 779.8 1 3 0 8  -0.0 7 6 5 1  87 6 8 1  1 88 6 82 0 779. 5 1 5 3 4  779.59363 -0.07830 
85 9 7 7  1 8 6  9 78 0 779. 568 3 3  779.64690 -0. 0 7 8 5 7  87 10 7 7  1 88 10 78 0 778.84 1 3 2  778.92844 -0.08712 
8 5  5 80 1 84 5 79 0 808.428 5 3  808. 5 0 1 6 7  -0.0 7 3 1 5  8 7  1 7  7 0  1 8 6  1 7  6 9  0 810.43018 8 1 0.54499 -0. 1 1481 
85 4 8 1  1 84 4 8 0  0 808.286 2 2  808.3 5 7 6 1  -0.0 7 1 3 9  87 26 6 1  1 86 26 60 0 8 1 2.44 0 5 0  8 1 2 . 6 9 5 7 2  -0. 2 5 5 2 2  
8 5  1 84 1 84 1 8 3  0 807.86160 807.92906 -0.06746 87 3 0  5 8  1 8 6  3 0  5 7  0 8 1 1.60681 8 1 1.73879 -0. 13 198 
8 5  3 82 1 84 3 8 1  0 808.144 2 1  808.2 1418 -0.06997 88 4 8 5  1 8 7  4 84 0 808.49 2 7 3  808. 5 6 7 3 0  -0.07457 
8 5  1 3  7 2  1 84 13 7 1  0 809.59284 809.68 6 2 5  -0.09342 88 1 88 1 87 1 8 7  0 808.07039 808.142 2 7  -0.07188 
85 3 82 1 8 6  3 8 3  0 780.4 1 1 2 2  780.48 141 -0.07019 88 1 8 7  1 89 1 88 0 780. 16822 780. 2 4 1 2 7  -0.07306 
8 5  0 8 5  1 8 6  0 86 0 780.9 2 1 2 1  780.988 1 7  -0.06696 88 9 79 1 89 9 80 0 778.8 1436 778.9 0 0 5 9  -0.08623 
85 2 83 1 84 2 82 0 808.003 2 1  808.0 7 1 3 4  -0.06813 88 5 83 1 89 5 84 0 779.489 7 1  779.56725 -0.07754 
85 6 79 1 84 6 78 0 808.57189 808.64641 -0.07452 88 13 75 1 8 7  1 3  7 4  0 809.93414 810.03206 -0.09792 
86 4 82 1 8 5  4 8 1  0 808.402 5 2  808.4 7 5 5 7  -0.07304 88 32 56 1 8 7  3 2  5 5  0 8 1 1.64072 8 1 1.74298 -0. 1 0 2 2 6  
8 6  1 8 5  1 8 5  1 84 0 807.97744 808.04762 -0.07018 88 5 83 1 8 7  5 82 0 808. 7 7 5 9 1  808.8 5 3 5 8  -0.07767 
86 1 86 1 8 5  1 8 5  0 807.83740 807.90607 -0.06868 88 1 2  76 1 89 1 2  7 7  0 778.3 0836 778.4 0 2 3 7  -0.09400 
86 7 80 1 8 5  7 79 0 808.687 2 1  808.76396 -0.07676 88 2 86 1 89 2 87 0 779.99824 780.07188 -0.07364 
8 6  1 8  68 1 8 7  18 69 0 777.65639 777.77514 -0 .11875 88 1 8 7  1 8 7  1 86 0 808.2 1 0 5 4  808.28340 -0.07286 
86 3 83 1 8 5  3 82 0 808.26068 808.3 3 2 3 4  -0.07166 88 9 79 1 8 7  9 78 0 809.34906 809.43476 -0.08570 
86 2 84 1 8 5  2 83 0 808. 1 1 9 1 5  808.18970 -0. 0 7 0 5 5  8 8  3 0  5 9  1 87 30 5 8  0 8 1 1 . 7 9 1 2 0  8 1 1.93283 -0.14163 
86 0 86 1 8 7  0 8 7  0 780.72743 780.79 6 3 0  -0.06887 88 1 6  72 1 8 7  1 6  7 1  0 8 1 0.38683 8 1 0.49740 -0. 1 1 0 5 7  
8 6  5 8 1  1 8 5  5 80 0 808.54490 808.61942 -0.074 5 3  8 8  1 0  7 8  1 87 1 0  77 0 809.49436 809.582 2 7  -0.08791 
86 2 6  6 1  1 8 5  2 6  60 0 81 1.659 2 0  8 1 1.84088 -0.18167 88 2 86 1 8 7  2 8 5  0 808. 3 5 143 808.4 2 5 0 7  -0.07364 
8 6  2 5  62 1 8 5  2 5  6 1  0 81 1.54939 8 1 1 . 7 2 6 1 6  -0.17676 88 7 81 1 89 7 82 0 779.15 188 779. 2 3 3 2 6  -0.08138 
86 12 74 1 8 5  1 2  73 0 809.55867 809.64994 -0.0 9 1 2 7  8 9  1 88 1 9 0  1 89 0 779.97363 780.04800 -0.07437 
86 3 8 3  1 8 7  3 84 0 780.2 1 7 5 4  780.28906 -0.0 7 1 5 2  8 9  1 89 1 9 0  1 9 0  0 780.14441 780.2 1823 -0.07382 
8 6  2 84 1 8 7  2 8 5  0 780. 3 8 7 1 1  780. 4 5 7 5 2  -0.07041 89 3 8 7  1 9 0  3 88 0 779.80 3 2 9  779.87845 -0.0 7 5 16 
8 6  1 8 5  1 8 7  1 86 0 780. 5 5 7 2 3  780.62 6 5 9  -0.06936 89 4 86 1 88 4 8 5  0 808.60767 808.684 1 1  -0.07644 
86 2 8  5 9  1 8 5  2 8  5 8  0 8 1 1.60208 811 .76302 -0.16093 89 1 89 1 88 1 88 0 808.18592 808. 2 5 9 7 0  -0.0 7378 
8 6  1 3  73 1 8 5  1 3  72 0 809.70 7 0 1  809.80194 -0.09493 89 1 88 1 88 1 8 7  0 808. 3 2 6 1 5  808.40062 -0.07447 
87 1 8 6  1 88 1 8 7  0 780.36297 780.43414 -0. 0 7 1 1 6  8 9  3 8 7  1 88 3 86 0 808.46679 808.54208 -0.0 7529 
8 7  4 83 1 8 6  4 82 0 808.5 1774 808. 5 9 3 0 7  -0.0 7 5 3 3  8 9  2 3  66 1 88 2 3  6 5  0 8 1 1.69166 8 1 1.85966 -0.16800 
87 4 84 1 8 6  4 83 0 808. 3 7707 808.45 0 0 4  -0.07297 89 3 7  5 2  1 88 3 7  5 1  0 8 1 1. 5 8 6 1 1  8 1 1. 6 0 5 2 9  -0.01918 
8 7  1 87 1 8 6  1 86 0 807.954 2 5  808.02439 -0.07014 89 8 8 1  1 88 8 80 0 809.31814 809.404 0 1  -0.08586 
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I ' Ka' K,' v' J" Ka" K," v" 
Frequency Frequency Differences 
f cm·'] fcm·1) fcm·1) I ' Ka' K,' v
' J" Ka'' K," v" 
Frequency Frequency Differences 
fcm·1) f cm·'] f cm·1) 
89 4 8 5  1 88 4 84 0 808.74886 808.82 673 -0.07787 9 3  7 8 6  1 94 7 8 7  0 778.16847 778.2 5 8 5 7  -0.09010 
89 5 84 1 9 0  5 8 5  0 779.29377 779. 3 7 3 3 8  -0.07960 9 3  2 9 1  1 9 2  2 9 0  0 808.9 2 3 5 1  809.00 5 6 5  -0.08 2 1 5  
89 6 83 1 9 0  6 84 0 779.12463 779.20606 -0.08142 93 5 88 1 94 5 89 0 778. 5 0 746 778. 5 9 3 7 6  -0.08630 
90 1 89 1 9 1  1 9 0  0 779.77802 7 79.8 5 4 3 2  -0.07629 9 3  6 8 7  1 9 2  6 86 0 809.48627 809.57422 -0.08795 
90 5 8 5  1 89 5 84 0 809.00490 809.08594 -0.0 8 1 0 5  9 3  3 9 0  1 94 3 9 1  0 778.84779 7 78.9 3 1 0 3  -0.08324 
90 0 9 0  1 89 0 89 0 808.30130 808.37669 -0.0 7 5 3 9  9 3  3 5  5 8  1 9 2  3 5  5 7  0 8 1 2 . 3 3 0 6 1  81 2.42 1 3 2  -0.09071 
90 9 81 1 9 1  9 82 0 778.42263 778. 5 1 1 6 1  -0.08898 93 37 56 1 9 2  3 7  5 5  0 8 1 2 . 2 4 2 3 0  8 1 2 . 2 9443 -0.0 5 2 1 3 
9 0  1 89 1 89 1 88 0 808.441 5 2  808. 5 1 7 3 9  -0.0 7587 9 3  18 75 1 9 2  18 74 0 8 1 1.24631 8 1 1 . 3 7 5 9 1  -0.12960 
90 3 88 1 89 3 8 7  0 808.58184 808.65865 -0.07680 9 3  8 8 5  1 9 2  8 84 0 809.77045 809.862 63 -0.09218 
90 2 88 1 9 1  2 89 0 779.60726 7 79.68460 -0.07734 93 4 89 1 94 4 9 0  0 778.67723 778.762 1 1  -0.08488 
9 0  4 86 1 8 9  4 8 5  0 808.863 3 5  808.94289 -0.07954 94 0 94 1 9 3  0 9 3  0 808. 7 5 784 808.840 1 7  -0.08233 
9 0  3 2  5 8  1 89 32 57 0 8 1 1.99344 812 . 1 1 5 1 1  -0. 1 2 1 6 7  94 1 9 3  1 93 1 9 2  0 808.89 703 808.9800 1  -0.08298 
90 3 3  5 7  1 89 33 56 0 81 1.9285 7 812 .02992 -0 .10134 94 3 9 1  1 9 3  3 9 0  0 809.17641 809.26142 -0.08501 
9 0  2 4  6 7  1 89 2 4  6 6  0 8 1 1.779 3 1  8 1 1.94697 -0. 16766 94 23 7 2  1 9 3  2 3  7 1  0 812 .00376 8 1 2.16546 -0. 1 6 1 7 1  
9 0  9 8 1  1 89 9 8 0  0 809.5765 1 809.66542 -0.0889 1 94 5 89 1 9 5  5 9 0  0 778.30969 778.39782 -0.08812 
90 6 84 1 9 1  6 8 5  0 778.9285 7 779. 0 1 1 6 5  -0.08307 94 3 9 1  1 9 5  3 9 2  0 778. 6 5 0 3 7  778. 7 3 5 3 8  -0.08501 
91 1 9 1  1 9 2  1 9 2  0 779.75334 779.83080 -0.07746 9 5  1 94 1 94 1 9 3  0 809.00970 809.094 5 5  -0.08484 
9 1  1 9 1  1 9 0  1 9 0  0 808.4 1627 8 08.49 3 2 3  -0.07696 95 4 9 1  1 9 6  4 9 2  0 778.28198 778.37009 -0.08811 
91 3 88 1 9 0  3 8 7  0 808.8363 5 808.9 1 6 3 8  -0.08004 95 4 9 1  1 94 4 9 0  0 809.42860 809. 5 1693 -0. 08833 
9 1  3 89 1 9 0  3 88 0 808.6962 1 808.77476 -0.0 7855 9 5  39 56 1 94 39 55 0 8 1 2.49773 8 1 2 . 5 2842 -0.03069 
9 1  5 86 1 9 0  5 8 5  0 809.11890 809. 2 0 1 4 5  -0.08 2 5 5  9 5  8 8 7  1 94 8 8 6  0 809.99346 8 1 0.08924 -0. 0 9 5 79 
9 1  5 86 1 9 2  5 8 7  0 778.90148 778.984 3 9  -0.08292 9 5  5 9 0  1 94 5 89 0 809. 5 6 9 3 6  809.65896 -0.08960 
91 14 7 7  1 9 0  14 7 6  0 810.418 5 1  8 1 0 . 5 2 5 9 5  -0.10743 95 19 76 1 94 19 7 5  0 8 1 1.61729 811 .75717 -0.13 988 
9 1  8 83 1 9 0  8 8 2  0 809.54568 809.63422 -0.08854 95 1 5  8 0  1 94 1 5  7 9  0 8 1 1.00792 8 1 1.1 2669 -0. 1 1877 
92 0 9 2  1 9 1  0 9 1  0 808. 5 3 0 3 0  808.60932 -0.07903 9 6  9 88 1 9 7  9 89 0 7 7 7.4040 1 7 7 7. 5 0 1 5 2  -0.09750 
9 2  8 8 5  1 9 1  8 84 0 809. 5 1 5 7 5  809.60 3 8 5  -0.08809 9 6  3 9 3  1 9 5  3 9 2  0 809.40069 809.489 19 -0.08851 
92 3 9 0  1 9 1  3 89 0 808.81004 808.89043 -0.08039 9 6  3 94 1 9 5  3 9 3  0 809.26086 809.34862 -0.08776 
92 1 9 1  1 9 3  1 9 2  0 779.386 1 1  7 79.46 5 7 2  -0.07961 9 6  1 9 5  1 9 5  1 94 0 809.1 2 2 3 7  809.20863 -0.08626 
9 2  2 9 0  1 9 3  2 9 1  0 779.2 1528 779. 2 9 5 6 7  -0.08038 9 6  5 9 1  1 9 5  5 9 0  0 809.68040 809.772 2 1  -0.09181 
92 1 0  8 2  1 9 1  1 0  8 1  0 809.94529 810.04085 -0.09 5 5 6  9 6  10 86 1 9 5  1 0  8 5  0 810.38993 8 1 0.49 2 2 9  -0. 1 0 2 3 6  
9 2  2 6  67 1 9 1  2 6  6 6  0 812.36871 812 .56382 -0. 1 9 5 1 1  9 6  4 9 2  1 9 5  4 9 1  0 809.54038 809.6 3 0 3 8  -0.09001 
92 8 84 1 9 1  8 83 0 809.65830 809.74865 -0.09035 9 6  0 9 6  1 9 5  0 9 5  0 808.98346 809.069 2 3  -0.08577 
92 3 6  5 6  1 9 1  3 6  5 5  0 812.1173 1 8 1 2 . 1 7964 -0.06233 9 6  3 9 3  1 9 7  3 94 0 778.2 5 3 9 7  778.34284 -0.08887 
9 2  7 8 5  1 9 3  7 8 6  0 778.3 6576 778.45434 -0.08858 9 7  4 9 3  1 98 4 94 0 777.88463 777.97642 -0.09179 
9 2  44 48 1 9 1  44 47 0 811.92 2 5 6  8 1 1.83 1 3 2  0.09 1 2 4  9 7  3 94 1 98 3 9 5  0 778.0 5 5 7 1  778.14595 -0.09024 
9 2  1 7  7 5  1 9 1  1 7  74 0 810.98179 8 1 1 . 1 0 5 0 1  -0. 1 2 3 2 2  9 7  3 9 5  1 9 6  3 94 0 809.3 7 3 1 2  809.46204 -0.08892 
9 3  0 9 3  1 94 0 94 0 779.3 6119 779.44 1 7 2  -0.08054 97 4 9 3  1 9 6  4 92 0 809.65168 809.74339 -0.09170 
93 1 9 2  1 9 2  1 9 1  0 808.78410 808.8 6 5 0 3  -0.08093 9 7  1 9 6  1 9 6  1 9 5  0 809.23 388 809.3 2 2 2 7  -0.08839 
180 
Quantum Numbers Experimental Calculated Frequency 
I ' Ka' K,' v' J" Ka" Kc" v" 
Frequency Frequency Differences 
fcm-1) (cm-1) fcm-1) 
98 2 9 6  1 9 9  2 9 7  0 778.02797 778.11899 -0.0 9 1 0 2  
9 8  2 0  78 1 9 7  2 0  7 7  0 812.09305 8 1 2 . 2 44 5 3  -0. 1 5 14 7  
9 8  5 9 3  1 9 7  5 9 2  0 809.90185 809.99 7 3 5  -0.09 5 5 0  
9 8  1 9  79 1 9 7  1 9  7 8  0 8 1 1.93687 8 1 2 . 0 8 1 5 9  -0.14471 
9 8  1 8  8 0  1 9 7  1 8  79 0 8 1 1.783 54 811 .92 194 -0.13839 
9 9  2 9 7  1 9 8  2 9 6  0 809.594 5 5  809.68 7 5 3  -0.09298 
9 9  2 0  79 1 9 8  2 0  78 0 812.19843 8 1 2 . 3 5 1 2 0  -0. 1 5 2 7 7  
9 9  3 9 6  1 9 8  3 9 5  0 809.733 5 8  809.82747 -0.09389 
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